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METHODS FOR MEASURING THE COEFFICIENT OF 
RESTITUTION AND THE SPIN OF A BALL 


By Lyman J. Briggs 


ABSTRACT 


Four methods for measuring the coefficient of restitution of a ball are discussed 
and employed experimentally. These methods are: 

= 1. The two-pendulum ballistic method of Thomas, in which the ball is struck 

by a flat-nosed projectile driven from an airgun. 

2. A method based on spark photography, by means of which the ratio of the 
speed of the ball to that of the projectile is determined. 

3. The measurement of the vertical rebound of a ball from a massive horizontal 
plate, when dropped from a known height, correction being made for air resistance. 

4. The measurement of the angle of reflection of a ball rebounding from a 
smooth inclined plate, the angle of incidence being known. 

A correction for spin is necessary in method 4 if the plate is not ideally smooth. 
Methods are described for measuring the spin velocity, and an approximate method 
for computing the spin is given, provided the coefficient of restitution is known. 

The variation of the coefficient of restitution of golf balls with impact speed 
and with temperature is experimentally determined, and a method for determining 
the time interval during which the ball remains in contact with the club is 
described. 

The coefficient of restitution of a golf ball when hit hard is roughly 0.7; the 
corresponding value for a baseball of prewar construction is about 0.45. 
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I. INTRODUCTION 


The fundamental laws of impact are given in various books on 
mechanics, but there is little published information on the measure- 
ment of such properties as the coefficient of restitution. The National 
Bureau of Standards has been asked at various times to make measure- 
ments of this kind and if practicable to develop other methods for 
purposes of comparison. The four methods employed in the course of 
this work are presented here. The photographic and inclined-plate 
methods for measuring the coefficient of restitution and the procedure 
employed in measuring the spin of a ball in flight do not appear to 
have been used before. 

The experimental results for golf balls were obtained in an investi- 
gation made at the request of the U. S. Golf Association in 1929, and 
the results for baseballs were obtained during tests made for the 
Services of Supply, War Department, and a joint committee of the 
American and National Baseball Leagues. 


II. COEFFICIENT OF RESTITUTION 


Let us consider a collision between two spherical bodies, the centers 
of which before the impact are approaching each other at the relative 
speed s, along a fixed straight line. If the density and the elastic 
properties of the two balls are symmetrically distributed about their 
reometrical centers, the rebound and separation occur along the same 
fine as the approach. Let the relative speed of separation be denoted 
by 82, and let 

82 
a (1 
Thomson and Tait! gave the name coefficient of restitution to this ratio 

In practice, it is often easier to measure the speeds of the two moving 
bodies separately than to measure the speed of one relative to the 
other, and equation 1 may be put into more convenient form for 
practical use by introducing the absolute velocities of the two bodies 
before and after collision. 

Let the velocities of one of the bodies before and after the collision 
be denoted by U and V, respectively, and those of the other body by 
u and v, the line of motion and the positive direction along it being 
the same in all four cases, and U being greater than wu. Then the 
relative speed of approach before the collision is 


= U—u, 

and the relative speed of separation after it is 
&,=v0—V, 

so that the value of ¢ is given by 


A ol 
on Oa (2) 


' Natura] Philosophy, part I, p. 278 (1896). 
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The coefficient of restitution, c, is always less than unity, but 
approaches it as the colliding bodies become more nearly “perfectly 
elastic.” Strictly speaking, c is determined by the elastic properties 
of both of the colliding bodies. But in systems such as we shall 
discuss, in which the collision occurs between a golf ball and a massive 
plate or a dense wooden club, the deformation of the ball is so much 
greater than that of the plate or club that we may, without sensible 
error, attribute the coefficient of restitution to the properties of the 
ball alone. 

Sir Isaac Newton concluded from his experiments that, for any one 
pair of spheres, the ratio c was independent of the striking speed s, 
so long as the impact was not violent enough to produce a permanent 
deformation of either body. It will be evident from figure 8 that the 
coefficient of restitution of a golf ball is by no means independent of 
the extent to which the ball is momentarily deformed through col- 
lision with some other object, so that in reality c—s,/s,=—F(s)=/(d), 
where d is the deformation. This is not surprising when we consider 
that the ball is not homogeneous in structure. Consequently, in 
comparing balls or in comparing methods, it is essential that the im- 
pact speed of the balls be nearly the same; and this speed should 
preferably be so chosen as to give a deformation comparable with that 
which occurs in making a long drive. 

The deformation is not the only factor to be considered in deter- 
mining the coefficient of restitution. The time involved in the com- 
pression of the ball and its return to its normal shape must be essen- 
tially the same as the time interval during which a ball, when struck 
sharply, remains in contact with the club. In other words, the ball 
during the restitution test must always be free in the sense that it is 
not called upon to overcome the inertia of any mass other than its 
own. For this reason the measurement of the rebound of a heavy 
weight dropped upon a ball on a massive anvil is not a suitable way to 
determine the coefficient of restitution. 

It is also desirable to bring a ball to some standard temperature 
before making comparative measurements, because the coefficient of 
restitution of a ball may change markedly with the temperature, as 
shown in figure 12. 

Unless otherwise specified, the following data apply to the measure- 
ments given later for golf balls: Diameter of ball 1.62 inches; weight, 
1.62 ounces; temperature, 20° C; impact speed, 140 ft/sec. 


III. BALLISTIC METHOD 


C. V. Boys? was among the first to measure the elastic character- 
istics of golf balls. He employed a ballistic pendulum of unique 
design, with five supports. A bag inside the pendulum box kept the 
ball from rebounding. The excursion of the pendulum was recorded 
on a smoked glass slate by means of a light scriber. 

A novel apparatus for measuring the coefficient of restitution, 
involving the use of two ballistic pendulums, was developed by H. A. 
Thomas * for the U. S. Golf Association. The apparatus is illustrated 
in figure 1. A chamber, containing air at the desired pressure, is 
suddenly connected by means of a quick-acting valve with the breech 


? Personal communciation. Work not published. 
— writer is indebted to Prof. Thomas for permission to include a description of his apparatus in this 
article. 
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of a horizontal air gun, which contains a flat-nosed wooden projectile. 
As the projectile leaves the gun, it strikes the ball, mounted on a 
rubber tee in front of the muzzle, and drives it through an opening 
in the first pendulum into the second, where it is caught. The pro- 
jectile, following the ball, is caught in the first pendulum. The 
deflection of a pendulum is recorded by a rider sliding on a circular 


are below the pendulum. 
nll 
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FraurEe 1.—Two-pendulum apparatus developed by H. A. Thomas for measuring the 
coefficient of restitution of golf balls. 


From the observed deflection of the first pendulum, the height H 
through which the bob is raised by the impact of the projectile may 
be calculated, if the true length of the pendulum is known. 

Let 

M=mass of projectile 
M,=mass of first pendulum 
V=velocity of projectile after ball has left it 
V,:=maximum velocity of pendulum M,. 
Then V,=-+72g9H. 
From the equation of momentum, we have 


MV= (M+ M;) Vi 


or 


V=—ay— V29H- (3) 
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Similarly, the second pendulum of mass M, is raised through a 
height A by the ball of mass m moving with the velocity v; hence 


_m+M, oe ; 
p= 2gh (4) 


The total momentum of the ball and the projectile is not changed 
by the impact. Hence, 


MU=MV-+mz, (5) 


where U is the velocity of the projectile before impact. 

Equations 3, 4, and 5 determine V, v, and U. Since the ball is at 
rest before being struck by the projectile, u=0. The coefficient of 
restitution may now be found from equation 2, which becomes, when 
u=0, 

o—V 
c= — (6) 


In equation 6, U, V, and v are all positive, and »>V. 

The standard test conditions proposed by Thomas for the ballistic 
method are as follows: U=175 ft/sec; M/m=4. Applying the 
principle of the conservation of momentum, it follows that for the 
above conditions the ball and projectile must have a common velocity 
of 140 ft/sec for an instant during the impact, which is defined as the 
impact speed. The speed v of the ball after rebound from the projec- 
tile is 140(1+¢) ft/sec, or about 230 ft/sec for a ball with a coefficient 
of restitution c=0.64. 

The Thomas apparatus is the most practical device known to the 
writer for the routine measurement of the coefficient of restitution of 
golf balls. It has also been applied to baseballs, as will appear later 
on. 


IV. SPARK PHOTOGRAPHY AS A MEANS OF DETERMINING 
THE COEFFICIENT OF RESTITUTION 


The absolute measurement of the speed of the projectile and of the 
ball is unnecessary if the ratio of their speeds can be measured in some 
way. This will be evident if we eliminate U from equations 5 and 6, 
from which 





__M (eV). (7) 
~ MV+mp 
If for V in equation 7 we substitute 
V=hr, (8) 
we have 
cnx (ih) M (9) 
~~ m+kM’ 


in which the coefficient of restitution ¢ is expressed simply in terms of 
the known masses M and m of the projectile and ball, respectively, 
and the speed ratio k. 
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Spark photography provides one way of determining V/v. Let us 
assume two instantaneous records of the moving ball and projectile 
on the same photographic plate, the time interval ¢ between expo- 
sures being unknown. Let S be the travel of the projectile (scaled 
from the plate) during the time ¢, and s the corresponding travel of 
the ball. Then S/s= Vo. 

The apparatus developed by P. P. Quayle * was used in making the 
spark photographs. The spark gap was located in a dark room 
about 3 feet from the Thomas apparatus and so placed that a line from 
the spark gap to the ball on its tee wasjhorizontal and normal to the 
trajectory. The photographic plate was placed in a vertical plane 
parallel to the trajectory, in such a position that when the ball was 
illuminated by the spark, its shadow was projected on the plate. By 
means of an adjustable trigger actuated by the projectile, the spark 
could be so timed as to illuminate the projectile and ball in various 
stages of their flight. 

A series of records obtained with Quayle’s equipment is shown in 
figure 2. In (a) the projectile is emerging from the barrel of the air 
gun and is about to strike the ball. In (c) the ball is greatly distorted 
by the impact of the projectile, but has barely started to move from 
its tee. In (d) the rebound of the ball from the face of the projectile 
is nearlyfcomplete, whereas in (e) the ball is free andfis¥moving at a 
speed approximately twice that of the projectile. 

Quayle's apparatus was not designed to give two exposures separated 
by a very small time interval, and consequently photographic records 
were made of two different flights, including in each the same station- 
ary object, such as the muzzle of the gun, as a point of reference in 
measuring the records. Although the pressure was adjusted closely 
to give very nearly the same speed of the ball in the two flights, it is 
not necessary that the speed be identical in both cases. It may be 
found from figure 8 that for an impact speed in the neighborhood of 
140 ft/sec, an increase of 1 percent in the impact speed decreases the 
coefficient of restitution, c, by only 0.003. 

The coefficients of restitution of the same balls were measured in- 
dependently by the method just described and by that of Thomas, 
with the results shown in table 1. 


TaBLE 1.—Comparison of results obtained by ballistic and photographic methods. 























Coefficient of restitution 
Method - 
Ball S Ball G 
Se eS se | 
Ballistic (Thomas)__.............-..-- 0.620 | 0. 662 
Photographic (Briggs) ...............-.- . 626 . 659 





The determinations are in agreement within 1 part in 200. Each 
coefficient in the upper line is the mean of three determinations. The 
coefficients in the lower line are each based on a single determination, 
involving the measurement of two photographic plates. The two 
methods may be used simultaneously with the same ball. 

The equipment developed by Edgerton and his associates for 


obtaining very short exposures under controlled conditions would 
* Spark photography and its application to some problems in ballistics, BS Sci. Pap. 20, 237 (1924) 8508. 
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appear to be very convenient in ws" the coefficient of restitu- 
tion by the photographic method. (See Flash, published by Hale, 
Cushman, and Fleet, 1939.) 

The velocities » and V are the velocities of the ball and the air-gun 
projectile when the elastic force between them has fallen to zero and 
they are moving independently. This begins to be true at the instant 
of separation; and if it were practicable to make two instantaneous 
photographs of the same flight, it would evidently be permissible to 
make the first at the instant of separation. Consequently, if the 
position of the face of the projectile at that instant can be determined 
by some other means, only one exposure is needed to determine k 
and thence c. 

In figure 3 let the shaded parts represent the shadows of the ball 
and projectile as they appear on the photographic plate, and let the 
dotted part at the right represent the positions as they would have 
appeared if the plate had been exposed at the instant of separation. 


index at 0 f 








| - 
i¢) 
FiGUKE 3.— Determination of the coefficient of restitution by the photographic method. 


‘ 


OQ 


During the time elapsed since separation, the projectile has moved 
the distance OP=L and the ball has moved the distance O’Q=l. 
Hence, if we can determine the position 0’ along the trajectory, we 
have from equation 8 
OP L__ 
Ge: 
Figure 11 shows a double exposure on the same plate, the first 
recording the undisturbed ball on its tee, and the second so timed that 
the ball is just leaving the face of the projectile, which is therefore 
at the desired position 0’. For an impact speed of 140 ft/sec, the ball 
rides in contact with the projectile for a distance less than half its 
diameter, as shown in figure 11. It may also be seen from the photo- 
graph that 0’ lies 0.1 inch nearer the muzzle of the gun than O, 
which is the position of the center of the ball before impact; and 0’ 
may thus be found without sensible error simply by applying this 
correction to measurements made with O as origin, the position of 
which may be shown by a suitable index in the photograph. 


k. 


V. PERPENDICULAR REBOUND FROM A FLAT PLATE 


Measurements of the coefficient of restitution were also made by 
dropping a ball in a vertical shaft from varying heights (up to 64 ft), 
allowing it to strike upon a massive horizontal steel plate, and measur- 
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ing the rebound. If the experiment had been made in a vacuum, we 


would have “sey 
_82_ J h 
—. VE 


where 8s, and & represent the striking speed and speed of rebound, 
respectively, and H and h the length of the drop and rebound.’ But 
owing to the resistance of the air, the striking velocity s, of the ball 
is less than -¥2gH, and in turn the height A to which the ball rises on 
its rebound is less than that corresponding to the velocity of rebound $2. 
The error introduced by ignoring the air resistance is shown in table 2 

Experiment shows that for the velocities encountered in the rebound 
tests, the air resistance is proportional to the square of the velocity. 
The equation of motion of the falling ball is accordingly 


dv 


where 
m=miass of the ball, and 
k=coefficient of air resistance. 
Let k=bm. Then 





dv 
b’—g —dt 

20d0 __ —obedt= —2bds 
v— 


Integrating, 
e— i= orm, 


Let s be measured from the point of release of the ball, positive 
downward. When s=0,v=0. Therefore, C= 
Let v=v, when s=H, where H is the height of the point of release. 


Then 
n=) fa——mm, (10a) 


For rebound, the equation of motion is 
dv 
m= 7 —ma— he 
e+ f= Cem. (10b) 


Let s be measured from top of rebound. Then »=0 when s=0. 
Therefore, C=g/b. Let v=, when s=h. Then 


;= Vim —1)- 


* The term “‘coefficient of resilience” was applied by Lewis Gordon to the ratio (#:/%)*, which is equa! 
to h/H when measured in a vacuum. 
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Therefore, 

—2kh - 
e*= —] 
l—e * 


(10e) 


The coefficient of air resistance, k, was found by measuring the 
force exerted on a golf ball by the air-stream of a wind tunnel. For 
speeds up to 65 ft/sec, which exceeded the maximum speed in the 
dropping experiments, the resistance plotted against the square of 
the wind speed showed a linear relationship, as assumed in the 
derivation of equation 10c. The slope of this line is k=mg/v?= 
0.00030 pound/foot for a golf ball 1.62 inches in diameter, weighing 
1.62 ounces. 

Using this coefficient, it follows that the maximum speed attainable 
by the ball in falling in a standard atmosphere is 104 ft/sec; at this 
speed the air resistance equals the weight of the ball. The terminal 
speed would actually be somewhat greater, for k begins to decrease 
for speeds above 75 ft/sec. The deformation on impact at the terminal 
speed would nevertheless be much below that to which a hard-hit 
ball is subjected in play. 

Table 2 contains a summary of rebound tests made with 16 brands 
of golf balls, the results being expressed as a ratio of rebound to drop 
(h/H). The first column gives the drop in feet; the second, the ratio 
of rebound to drop for the brand showing the highest rebound (mean 
of 12 observations); and the third, the ratio for the brand showing the 
lowest rebound. The mean value for the 16 brands is given in column 4, 


TABLE 2.— Determining the coefficient of restitution by measuring the vertical rebound 








Coefficient of restitution 


Ratio of rebound to drop (from mean values) 





Drop 

Uncorrected 

Maximum | Minimum Mean for air re- penn for 
sistance | #ir resistance 











.f . 730 808 
. 430 - 467 . 683 








0 | 0. 574 0.620 | 0. 787 
| 533 








The coefficient of restitution, based on the mean ratio and uncor- 
rected for air resistance, is given in column 5, where each coefficient 
is the square root of the corresponding number in column 4; for if the 
air resistance is zero, c=yh/H. The last column gives the coefficient 
of restitution as determined by equation 10c. It will be noted that 
there is a marked difference, the uncorrected coefficient being 13 
percent too small in the case of a ball dropped from a height of 65 feet. 

If the correction for air resistance is made, the rebound method is 
reliable for speeds up to say 70 ft/sec. Above this limit, k can no 
longer be assumed to have a constant value. This places a practical 
limitation on the method, for the deformation produced by a fall from 
a height of 70 feet is only about one-half that to which a hard-driven 
ball is subjected. 
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VI. REBOUND FROM AN INCLINED PLATE 


The coefficient of restitution may also be determined by measuring 
the angle of reflection of a ball after it strikes a smooth massive plate 
set at a known angle to the flight path. 

Let ao (fig. 4) represent the path of the centroid of the ball as it 
approaches plate M with velocity u along ao, and let P represent the 
position of the centroid for maximum compression. After impact, 
the ball rebounds from the plate, the centroid moving along the path 
ob with the velocity v. Let the angle of incidence aon be represented 
by i and the angle of reflection nod by r. 





" Wid Md 


Ficure 4.—Rebound of a ball from an inclined plate. 


We shall assume that the plate is ideally smooth. Under such 
conditions no spin will be imparted to the ball by the impact, and 
the er pe of velocity of the ball parallel to the surface of the 
plate will be the same after impact as before. Hence 


u sin i=0 sin r. (11) 


The component of velocity normal to the plate after impact depends 
upon the coefficient of restitution, c, the numerical value of the normal 
component after impact being ¢ times that of the normal component 
before impact. 

Therefore, 

cu COS i=0 COS TF. (12) 


Dividing equation 11 by equation 12, 


tan 7 
c= tan ; (13) 
which determines c if i and r are known. 

In making the measurements, a heavy block of steel was clamped 
to the frame of the Thomas machine in place of the second (ball) 
pendulum. The surface of this block was plane and vertical and 
was adjustable in azimuth about a vertical axis, the normal to the 
surface forming the angle i with the path of the approaching ball. 

The ball after bounding horizontally from the inclined plate was 
caught in a bed of plastic clay (N, fig. 4). The clay was packed in 
a shallow tray and was stiff enough to retain its position when the 
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tray was eo on end. The tray carrying the oy was adjustable 
in azimuth about the vertical axis of the steel block. The angle r’ 
between the normal to the plate and a line drawn from the center of 
the imbedded ball to its imprint on the dusted surface of the plate 
plus the small computed angle 6, figure 4, gave the angle of reflection r. 

Measurements were made (1) with the surface of the plate smooth 
and coated with vaseline, (2) smooth and dry, and (3) corrugated 
with vertical V-grooves 1 mm deep and 3 mm between centers. 
The speed of approach, u, was kept nearly uniform (175 ft/sec) by 
controlling the air pressure and by observing the deflection of the 
projectile pendulum. The results of the measurements are given in 
table 3. 


TaBLE 3.—Determination of the coefficient of restitution from the angle of reflection 
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The angles of reflection represent in each instance the mean of 
at least six determinations. he coefficient of restitution tan i/tan r 
as determined by this method is given in the fourth column of the 
table. For comparison, the last column gives the coefficient as deter- 
mined by the ballistic method for an impact speed equal to the normal 
component (u cos 7) of the speed of approach. These values were 
obtained from figure 8 by reading from the graph the coefficient 
corresponding to an impact speed of 175 cos 1 ft/sec. 

It will be noted that the ratio tan 7/tan r for balls rebounding from a 
smooth lubricated surface is in fair agreement with the coefficient of 
restitution as determined by the ballistic method. With this surface, 
the theoretical assumptions (1) that the tangential component of the 
velocity is unchanged by impact, and (2) that the ball acquires no 
spin velocity through impact, appear to have been realized. The 
method does not, however, give reliable results if the surface of the 
plate is smooth and dry or if it is rough (see table 3). Under such 
conditions, spin momentum is imparted to the ball during rebound 
and equation 13 no longer applies. It will be noted from table 3 
that with a corrugated surface the angle of reflection may actually be 
less than the angle of incidence, leading (according to equation 13) 
to the conclusion that the coefficient of restitution is greater than 
unity, which is impossible. 


VII. MEASUREMENT OF SPIN 


P. G. Tait * appears to have made the first measurements of the 
spin of a golf ball. He fastened one end of a long light tape firmly to 
the ball, and after removing all twist, secured the other end to the 


* Trans. Roy. Soc. Edinburgh 38, pt. II, 494 (1896-99). 
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ground at a point such that the tape was perpendicular to the direction 
of driving. The ball was then driven into a vertical clay bed 4 feet 
from the tee. The tape was found to be twisted from one to two full 
turns oy a drive, “indicating something like 60 to 120 turns per 
second.”’ 


1. MEASUREMENT OF SPIN BY SPARK PHOTOGRAPHY 


Spark photography provides an accurate means for measuring spin, 
if the translational speed of the ball is known. The angular rotation 
is determined from the change in position of a light marker inserted 
in the ball (see fig. 5), and the corresponding linear travel is scaled from 
the photographic record. In figure 5 (e) the ball was 4.87 inches from 
the tee when the record was made; while traveling this distance it 
rotated 90° about a horizontal spin-axis normal to the flight path, 
corresponding to an angular motion of 0.62 turn per foot. The linear 
speed could not be measured by the ballistic method in this case, 
because the reaction of the ball with the inclined face of the projectile 
threw both ball and projectile out of line with the ballistic pendulums. | 
The linear speed was estimated to be about 175 ft/sec on the basis 


of similar experiments with square-nosed projectiles, which gave a © 


spin velocity of 108 rps. 
2. MEASUREMENT OF SPIN FROM RESIDUAL TURNS 


The following method, used in measuring the spin imparted to a | 
ball in rebounding from an inclined plate, avoids the necessity of | 
attaching anything to the ball. 2 

Identifying marks are made on the surface of a ball at opposite 7 
ends of a diameter, and the ball is so located on its tee that these 7 
marks lie in the projection of the horizontal flight path. After the | 
ball strikes the vertical plate (inclined to the flight path by an angle 7), | 
the marks rotate about the vertical spin-axis of the ball until it is 
brought to rest in a bed of plastic clay. By comparing the azimuthal 
position of one of the marks on the ball in the clay bed with its azi- 
muthal position on the tee, the fractional part of a revolution made 
by the ball during its flight from the plate to the clay bed may be 
determined. If these fractions are measured for two or three suitably © 
chosen distances of the clay bed from the plate, the whole number of | 
turns may be established with certainty by the procedure illustrated © 
in figure 6. : 

Let the observed fractional turn of the ball, after traveling 1.5 feet, | 
be 0.6; and after traveling 2.5 feet, 0.3. The fraction is added to > 
integral numbers in sequence and the result plotted against the 
distance. The only straight line that can be drawn wollen 4 a pair of § 
these points and the origin is shown in the graph. Its slope gives the | 
number of turns per foot of travel; and this, multiplied by v, gives the © 
spin velocity. r 

Measurements of spin by this method were made at two angles of 
incidence (table 4). The spin observed after rebound from a corru- 
gated plate (i=26.6°) was 139 rps; and for i=44.1°, 240 rps. Froma jf 
name 4 plate (i=26.7°) the observed spin was 158 rps. The latter F 


measurement was also checked by the tape method, which gave | 
approximately the same result. 
t will be shown later (fig. 11) that when a ball is struck by a moving 
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Ficure 6.—Graph illustrating the use of residual turns in computing the spin of a 
ball. 


projectile the time interval of contact is about 0.0004 second. From 
this we may compute the approximate rotation that a ball undergoes 
while in contact with an inclined plate from which it is rebounding. 
For a spin of 158 rps (1=26.7°), the rotation is 2x X 158 x 0.0004=0.4 
radian, or 23°. The rotation of the ball shown in figure 5 (d) was 
measured directly and found to be 23°. The normal to the face of 
the projectile used in this case was inclined at an angle of 20° to the 
longitudinal axis of the projectile. 


3. COMPUTATION OF SPIN 


The spin velocity may be determined approximately by computa- 
tion if the speed of approach, u, the angle of ir.cidence, i, the angle of 
reflection, r, and the coefficient of restitution, c, are known. 

Let v be the velocity after rebound and »v, and v, the components of 
v normal to and mont to the plate, respectively. Then the compo- 
nent of the impact speed normal to the plate is 


U,=U COS % 
VU, = CU, =CU COS 1 
Vp cos 4 
o= ——_ = cu ———— « 
- cos r cos r 
Cherefore, 
v,=v sin r=cu cos 7 tan r. 
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The velocity v, represents the translational speed of the ball as it 
rolls along the surface of the plate during the contact. The rough 
surface of the plate is assumed to prevent slipping. Constigntnliy, 
the spin velocity, »,, is the ratio of v, to the effective circumference 
(2xa) of the ball as it rolls on the plate. 

Let d represent the distance of the centroid of the ball from the plate 
at the instant of maximum deformation. It is evident that the 
numerical value of the effective radius a must lie somewhere between d 
and the radius, r, of the undeformed ball. The closer a approaches d, 
the greater the spin; but the deformation represented by d is attained 
only momentarily, and the spin inertia of the ball prevents it from 
responding fully. In the absence of more definite information, we 


assume 
a=r— (2/3) (r—d), 


and the computed values of spin given in table 4 are based on this 
assumption. 


To find (r—d), the deformation of a ball was measured for different 
static compression loads and the corresponding area of contact re- 
corded by means of carbon paper. The relation is shown in figure 7. 
Similar carbon prints (see fig. 9) were obtained from a ball striking a 
flat plate at a velocity u. Interpolation of the latter results in figure 7 
gave the deformation (r—d) corresponding to wu. 
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Ficure 7.— Relation, during impact, between area of contact on a flat surface and 
the compression measured along a radius normal to the surface. 


It will be seen from table 4 that the computed values of spin for the 
rough plate accord with the observed values of spin within 10 percent. 
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For the smooth plate, the computed value is too large, as might be 
predicted, because the ball skids to some extent. 


TABLE 4.— Observed and computed spin velocity of a ball rebounding from an inclined 
plate 


[Speed of approach, 175 ft/sec] 








Spin velocity 





Surface of plate o 
om- 
puted Observed 


Corrugated : . . 0. 62 
ae ins ‘ . 47 
Smooth. ‘ . ‘ . 62 


























VIII. CORRECTION FOR SPIN 


The spin energy imparted to a ball when it rebounds from an in- 
clined plate is derived at the expense of the energy of translation 
saretd the plate. If the loss in energy of translation could be 
considered as confined to that which reappears as spin energy, it 
would be possible to determine the coefficient of restitution of a ball 
rebounding witb spin at an angle r, provided the spin velocity is 
known. “The impact of a ball on a plate is, however, accompanied by 
frictional energy losses (skidding) brought about by the spin inertia 
of the ball, and these frictional losses cannot be measured directly. 

The spin energy of a ball of mass m, radius a, and angular speed 
w is mw*a?/5. If we add this to the parallel component of the energy 
of translation after rebound, we obtain for the parallel component of 
energy before impact (ignoring the frictional loss) 


1 2_l 2 1 2,2 
_mu,= amv, + ema’ (16) 


where u, and v, are the components of velocity parallel to the plate 
before and after impact. 


Solving for v,, 


But 
and 


Therefore, 


From equation 14 


623634—45——_~ 
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Therefore, opt RD: 208d 
} 2a*w* 
yi 5u? sin? i (19) 
When the spin velocity is zero, the right-hand term under the radical 
vanishes and equation 19 reduces to equation 13. 
Substituting in equation 19 the necessary data from table 3, we 
obtain for a ball rebounding with spin from a smooth, dry, inclined 

late (i=26.7°) the value c=0.68. The corresponding value by the 
Pallistic method is c=0.62 (table 3). The former discrepancy be- 
tween the inclined plate and ballistic methods (table 3) is greatly 
reduced by the correction for spin, but the influence of the neglected 
friction term is still in evidence. The discrepancy is greater in the 
experiments with a rough plate, as one would expect if external fric- 
tion reduces the velocity parallel to the plate. 

The experiments with an inclined plate lend a singular reality to the | 
analytical conception of a velocity resolved into two mutually per- 
pendicular components. The normal and parallel components of the 
velocity of a ball are both modified by the impact of the ball on an 
inclined plate, but for quite different reasons. The normal component 
after impact is reduced to ¢ times its former value, because the ball 
is not perfectly elastic (internal friction); and the parallel component 
is smaller after impact than before, because during impact spin 
energy is imparted to the ball, and external frictional forces come into 
play. 


IX. EFFECT OF IMPACT SPEED ON THE COEFFICIENT OF 
RESTITUTION 


Newton concluded from his experiments that the coefficient of 
restitution of a ball is independent of the deformation, provided the 
ball is not permanently deformed by the impact. While this may be 
true for a ball that is uniform in structure throughout, such as a steel 
ball, it does not hold for a golf ball, with liquid core, rubber winding, 
and vulcanized cover. 

The coefficient of restitution of a golf ball is largest for small 
deformations of the ball and decreases as the deformation increases, 
that is, as the impact speed increases. The relationship as experi- 
mentally determined is shown in figure 8. The graph is based on 
average values, and consequently the coefficient of restitution of an 
individual brand and its rate of change with impact speed may depart 
from the relationship shown. The data for speeds up to 60 ft/sec 
were obtained by observing the height of rebound (table 2); for higher 
speeds, the ballistic method was used. 

When the rebound method is used, the impact speed may be 
computed from equation 10a. In the ballistic method, the impact 
speed is the speed of the ball at the instant of its greatest deformation, 
which is the instant at which the ball and projectile have the same 
velocity. Hence, from the equation of momentum, the impact 
speed is 

int | 
~=M+m 
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FigurE 8.—Reduction in the coefficient of restitution with increase in the impact 
speed (increase in deformation). 


In the ballistic measurements, the mass M of the projectile was 
4 times the mass of the ball; hence »,=0.8U. 

The shorter graph in figure 8 represents the results obtained by the 
rebound method (table 2, mean values), with no correction for air 
resistance. The corrected values, which in figure 8 lie above and 
slightly to the left of the uncorrected points, conform fairly to a 
smooth curve passing through the ballistic determinations. 

It is of interest to note that the decrease in the coefficient of restitu- 
tion with increase in impact speed automatically handicaps a strong 
player to some extent; for the harder a ball is hit, the less is the 
percentage gain in speed resulting from the rebound of the deformed 
ball from the face of the club. 


X. CONTACT AREA OF A DEFORMED BALL 


In discussing figure 2, attention was called to the marked deforma- 
tion of a golf ball during impact. This may also be shown by carbon- 
paper prints of the area of contact. Figure 9 represents the actual size 
of the imprint made by a ball 1.62 inches in diameter in striking a flat 
plate at a speed of 140 ft/sec. The circle around each imprint encloses 
the projected area of the undeformed ball. The area of contact at 
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this impact speed is more than one-half the maximum cross section 
of the undeformed ball. 

The relation between contact area and impact speed is shown 
graphically in figure 10, each point representing the mean of obser- 
vations made with three brands of balls. For speeds up to 100 ft/sec, 
the contact area, within experimental limits, is proportional to the 
speed. At higher speeds this linear relationship begins to break 
down, as the ball cannot flatten out indefinitely. 
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Fiacure 10.—Contact area on impact is approximately proportional to impact speed . 
up to 100 feet per second. 


XI. DURATION OF CONTACT BETWEEN BALL AND PRO. 
JECTILE 


Figure 11 represents a spark photograph in which wwo exposures 
were made on the same plate. the first exposure was made with the 
ball on its tee, and this position of the ball is indicated by a circle 
defined for the most part by a black area with its center at 0. The 
second exposure was so timed as to record the position of the ball very 
nearly at the instant of its separation from the projectile after the 
impact. The position of the ball at this instant is shown by a second 
circle, defined partly in gray and partly in black, the latter part repre- 
senting the overlapping of the two positions. The outline of the pro- 
jectile will be seen in gray at the right, only part way out of the black 
muzzle of the gun. 6 lies in the vertical line of contact between the 
ball and the projectile. 

Figure 11 provides a basis for computing the time interval At during 
which the ball and projectile remain in contact. The initial speed of 
the projectile was 175 ft/sec; its final speed, 120 ft/sec. We assume 
an average speed of 148 ft/sec during the time interval At. The 
distance traveled by the projectile during At may be scaled from the | 
figure. It is the distance from the face of the projectile to that point 
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Spark photograph with double exposure. 
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Figure 13 Thomas apparatus constructed at the National Pureau of Standards 
measuring the coe flicient of restitution of baseballs 
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on the undisturbed ball first touched by the projectile (correction being 
made for the slight magnification of the photographic record). This 
distance was found from figure 11 to be 0.70 inch. Hence At= 
0.70/(12 X 148) = 0.0004 second, approximately. 

The use of a harder ball would decrease somewhat the time interval 
during which the projectile is in contact with the ball, because the 
deformation of the ball would be less, and consequently the distance 
traveled by the projectile in deforming the ball would be diminished. 


XII. INFLUENCE OF TEMPERATURE ON THE COEFFI- 
CIENT OF RESTITUTION 


Temperature has a marked effect on the coefficient of restitution, 
as will be seen from figure 12, which gives the results obtained with 
three brands of balls, each point representing the mean of observations 
on six balls. The line is drawn through the points for one brand. The 
balls were brought to the desired temperature in a liquid bath, removed 
one at a time, dried and tested as quickly as possible. For the lower 
temperatures, the bath consisted of gasoline in a vacuum-jacketed 
flask, to which solid carbon dioxide was added at a rate sufficient to 
maintain the desired temperature. A projectile speed of 175 ft/sec 
was used in all the measurements. 


So 
Ns 


oOo 
> 


Oo 
WN 


Oo 
> 


c 
2 
— 

> 
= 
= 

” 

® 

X 
qe 

° 
— 

Cc 
2 
= 
eS 
qe 

ao 
°o 
oO 


S 
eS) 


02 : 
-80 


-60° -40° -20 0° 20 40 


Temperature, deg C 


Figure 12.—Graph showing the marked effect of temperature on the coefficient of 
restitution. 


The reversal in the graph in the neighborhood of —30° C is prob- 
ably associated with the solidification (“freezing’’) of the rubber, the 
increase in ¢ at lower temperatures being attributable to an increase 
in rigidity. At —50° C the value of ¢ was about the same as at 


At —75° C the cover of a ball often flew into pieces when 
struck by the projectile. 
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The effect of temperature changes on c is so great that it is advis. 
able to make all routine measurements at a standard temperature 
(20° C). A correction for small departures may be made by means 
of the equation 


Co =Cc,—0.003 (t—20), 


in which ¢, is the coefficient of restitution determined at t° C. 

It will be seen from figure 12 that at 0° F (—18° C) the coefficient 
of restitution of a golf ball is only about two-thirds of what it would 
be on a hot summer day. A lively ball in summer thus becomes 
dead ball in winter, unless it is kept warm. 


XIII. VARIATION IN THE COEFFICIENT OF RESTITUTION 
; OF GOLF BALLS 


We have finally to consider the effect of size, weight, and construc. 
tion on the coefficient of restitution of golf balls, and the probable 
effect of such differences on the distance carried in play. The varia- 
tion observed in ¢ at low speeds has already been shown in table 2 
Later tests of 18 brands (3 balls each; diameter 1.62 in.; weight 1.62 
oz; impact speed, 140 ft/sec) by the ballistic method gave for th 
mean of the series c=0.62, the range being from 0.54 to 0.64. 

By driving balls first into a ballistic pendulum, and then over : 
measured course by means of a driving machine, Thomas found thai 
the carry of a drive was roughly proportional to the speed of the bal) 
as it left the tee. On this basis, increasing c from 0.54 to 0.64 would 
represent a gain of about 7 percent in distance (carry), assuming the 
balls to be alike in other respects. 

Observed values of ¢ for balls of various diameters and weights ar 
given in table 5, the coefficient in each instance being the mean 
value found from single measurements of 12 balls. It will be noted 
in the case of each brand that the increase in size is accompanied by 
a slight increase in the value of c, that is, the larger ball is the livelier 
The greater air resistance and decreased weight of the 1.68:1.55 ball 
which preceded the 1943 official ball, was thus offset in part by a 
increase in the coefficient of restitution. 


TABLE 5.—-Comparison of balls of various diameters and weights 
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A comparison was also made (for a single brand only) of the 1.68:1.5) 
ball and the 1.68:1.62 ball authorized in 1932. It will be seen from 
table 5 that in this case the coefficient of restitution of the new ball # 
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again slightly greater than that of the 1.68:1.55 ball, which it super- 
seded. Attention is also called to the uniformity of manufacture of 
the 1.68:1.55 balls, the earlier determination agreeing (within the 
average deviation) with that made over 2 years later. ese mMeasure- 
ments were made in each instance soon after the balls were 
manufactured. 

The last three columns of table 5 show the deviation of observations 
by the ballistic method. Departures from the mean similar to those 
shown for B may reasonably be classed as experimental errors asso- 
ciated with the method. The larger deviations are attributable to 
actual differences in the balls. then we consider the complex 
structure of a golf ball (liquid core, rubber winding, vulcanized cover), 
the degree of uniformity attained is noteworthy. 


XIV. COEFFICIENT OF RESTITUTION OF BASEBALLS 


The ballistic method of Thomas has also been used in the measure- 
ment of the coefficient of restitution of baseballs with different types 
of centers.’ 

A new machine was built for this purpose with heavier pendulums 
and with a barrel 3.5 inches in internal diameter (see fig. 13). The 
weight of the wooden projectile was 1 pound. A muzzle velocity of 
175 ft/sec was used in these measurements, equivalent to an impact 
speed of 130 ft/sec. As before, the projectile was propelled by com- 
pressed air stored in a chamber that could be connected with the gun 
through a quick-acting valve. 

In the first series of measurements the coefficients of restitution of 
American and National League balls were compared. Six balls of 
each brand were used, each ball being measured three times. The 
results were practically identical for the two brands, the average co- 
efficient of restitution being 0.46 in each case, with a mean deviation 
of less than 0.01 in each set. 

This result was confirmed by additional driving tests made at a ball 
park. The gun was mounted near the home plate, the pendulums 
removed, and the muzzle elevated 30° above the horizon. At this 
angle the projectile moving at a speed of 175 ft/sec knocked the ball 
into the center-field bleachers. The speed was accordingly reduced 
so that the carry could be measured. Each of the six balls in each lot 
was driven three times. The average carry was 366+8 feet for one 
lot and 367+ 5 feet for the other. The figure following the + sign 
represents the average deviation. 

Some of the balis in each group were livelier (had a higher coeffi- 
cient of restitution) than others , but the individual differences were 
not large. The results again showed that the American League and 
the National League balls were on the whole practically identical 
in performance. 

Laboratory and driving tests of new baseballs constructed in ac- 
ordance with the specifications used in 1924 were also included in the 
_' These measurements were made by members of the staff of the Division of Mechanics and Sound, Na- 
~~. Bureau of Standards, to whom the writer is indebted for ae to incorporate their results in this 

per. (See also Technical News Bulletin NBS, April 1938.) The work was first undertaken at the request 
bf a joint committee of the American and National Baseball Leagues and later for the Services of Supply, 

ar Department. The latter measurements were made to determine the effect of proposed changes in the 
onstruction of baseballs for Army camps, necessitated by the scarcity of rubber. 


' The official limits for the circumference of a baseball are 9 to 9.25 inches; for the weight, 5 to 5.25 ounces. 
he mass of the projectile was thus about three times that of the ball. 
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tests of American and National League baseballs. The average co. 
efficient of restitution of balls of this type of construction was 0.47. 
showing that, despite popular belief, no marked change in the 
“liveliness” of baseballs occurred between 1924 and 1942. On th 
driving tests, the average carry of the baseballs made to 1924 specif. 
cations was 372+ 10 feet, which is in substantial agreement with the 
corresponding tests on baseballs manufactured under 1938 specifics. 
tions. 

It may be remarked at this point that the coefficient of restitution 
of a baseball is not as stable as that of a golf ball. All the balls of: 
given lot sometimes drift slowly in one direction or the other. The 
cause of this has not been determined, but it seems not unlikely tha: 
it is associated with the moisture content of the ball. In contras: 
with golf balls, the leather cover of a baseball is readily permeable to 
moisture. Baseballs conditioned first at 20-percent relative humidity 

and later at 90-percent relative humidity gained about a half ounce i 
weight in the process. Very humid or very dry weather may thu 
result in changes in the tightness of the winding of the wool yarn which 
constitutes five-sixths or more of the volume of the ball. 

The measurements carried out for the War Department, using the 
laboratory procedure outlined above, gave the results reported ir 
table 6. 


TABLE 6.—Coefficient of restitution of baseballs 


poeta Rives anv, we aie 


| Type of center 





Reclaimed rubber, 1943. 
Balata-cork; official, 1943__ 
Cushioned cork; official, 1938 











lt will be seen that the official 1943 baseball has a coefficient « 
restitution of 0.40 compared with 0.46 for the prewar ball. Thes 
values of course do not reflect directly the performance of the balls x 
play. In the course of the deformation experienced by a ball whe 
struck by a club, there is one instant at which the ball and club hav 
the same speed. Let us call this speed unity. The ball immediate) 
starts to restore itself to its spherical form, and in doing so rebound 
from the club and thereby gains an additional fractional speed equé 
to its coefficient of restitution. The ratio of the relative speeds 
the 1943 and 1938 balls under the given experimental conditions i 
then (1+0. 40)/(1+-0.46)=0.959. 

It remains to determine the probable effect of the reduction in th 
coefficient of restitution on the performance of the 1943 ball in play 
Balls of prewar construction have not been available for direct com 
parison by means of driving experiments with the official ball © 
1943. Recourse must be had to earlier driving experiments in whic 
balls with similar coefficients of restitution were compared.’ In thes 
experiments, the horizontal distances traversed by balls with coef 
cients of restitution of 0.39 and 0.44 were 328 and 353 feet, respet 
tively, under the same driving conditions. The ratio of the spee 


* The coefficient of restitution of these balls was measured at the National Bureau of Sentaste and | 
driving experiments were made by A. G. Spaulding & Bros. at Chicopee, Mass., in 1938. 
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Cae 


was (1+0.39)/(1+-0.44)=0.965. On this basis, a hard-hit fly ball 
with a 1943 center might be expected to fall about 30 feet short of 
the prewar ball hit under the same conditions. 


I record my indebtedness to Richard L. Lloyd, who carried out 
many of the foregoing measurements; to Hugh L. Dryden for his aid 
in determining the corrections to be applied for the air resistance of 
a falling ball; and to the late Edgar Buckingham for his constructive 
suggestions. 


WasHineTon, February 14, 1944. 
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EVALUATION OF THE FINISH OF A METAL SURFACE BY A 
REPLICA METHOD 


By Harry K. Herschman 





ABSTRACT 


A method for evaluating surface finish through the medium of a nearly trans- 
parent plastic replica of a surface is described. The method consists essentially 
in passing a narrow beam of light transversely through the moving replica onto 
a photoelectric cell. Variations in the geometric characteristics of the film, which 
are associated with the serrations of the surface reproduced, control the intensity 
of the light passing through the film and reaching the photocell at any instant. 
The fluctuations of intensity of the transmitted light cause a pulsating voltage in 

the cell circuit, which is recorded by an electronic voltmeter. This voltage in- 

creases with increased surface roughness. The evaluations obtained by this 
means are very promising. Results for different surface finishes are correlated 
with profile measurements of the surface determined with the microscope. 





CONTENTS 
Page 
I. Introduction... -...........-. haaceces ; ae . 25 
II. Apparatus and procedure_-__--___.--.--.-.--- ; be 26 
III. Experimental observations and discussion - - - - - - ons eg 30 
LV, GEG nd bine < beetueusdoewsbnciida’ 33 
V. References___- oe : 31 


I. INTRODUCTION 


During the past decade, great advance has been made in the art of 
mechanically finishing surfaces, especially of metal objects. In a 
large measure, this can be attributed to studies in which hitherto un- 
known correlations of mechanical and physical properties of metals 
with the character of their surfaces were revealed. Despite this 
progress and the development of means for closely controlling the type 
and degree of finish, the modes of specifying and designating them 
with particularity have not been developed sufficiently to be univer- 
sally acceptable to industry. The importance of cock specifications 
may be gleaned from the extensive study and discussion of this subject 
since 1930 by the ASA Sectional Committee (B-46) for the standardi- 
zation of classification and designation of surface quality [1],' spon- 
sored by the American Society of Mechanical Engineers and the 
Society of Automotive Engineers, under authorization of the American 
Standards Association. This subject also constituted a major phase 





' Figures in brackets indicate the literature reference at the end of this paper. 
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of a broad investigation of surface finish reported by the Institution 
of Production Engineers (England) [2]. 

Two essentials for the specification of a surface finish are [1] the 
qualitative factors, such as distribution and orientation of surface ir- 
regularities and defects and [2] the quantitative aspects, which are 
concerned with the exact depths and spacings of surface irregularities, 
as well as with the trueness of the surface. Way [3] has described the 
principal qualitative and quantitative methods for studying surface 
finish. In addition, he has summarized their salient features, limita- 
tions, and disadvantages. 

Any device for evaluating surface finish to be acceptable to industry 
must perform accurately and rapidly, be reasonable in cost, and yield 
reproducible results. Because of the widespread interest and in- 
portance of this subject, the National Bureau of Standards has inves- 
tigated the application of nearly transparent surface replicas for evalu- 
ating surface finish. This study has resulted in the development of a 
method for evaluating the finish of a surface through the medium of a 
properly prepared replica of the surface. It is Believed that this 
method offers considerable promise in connection with specifications 
and standards for surface finish. 


II. APPARATUS AND PROCEDURE 


This method of surface analysis is based on a rapid and accurate 
method for preparing a nearly transparent facsimile of the surface to 
be ovebssnel: The fidelity of reproduction of minute surface char- 
acteristics in replicas consisting of a thin film of a suitable plastic is 
attested by the fact that such replicas are used in the study of metal 
microstructures at high magnifications with the electron microscope 
[4, 5]. 

The plastic replica of a surface may be produced by different means. 
In this study it was prepared by applying a suitable solvent to the 
metal surface, after which a strip of clear plastic film was pressed on. 
The solvent softened the side of the film adjacent to the surface being 
examined and permitted it to flow and conform under pressure to the 
minute surface irregularities. The film dried in about 1 minute and 
then was stripped readily from the surface. This general procedure 
for producing replicas of surfaces was brought to the attention of the 
writer by McDill [6]. In the present study, the solvent used was 
composed of 80 percent toluene and 20 percent acetone. The plastic 
was a preformed film of ethyl cellulose, 0.005 inch thick by 1.5 inch 
wide. In some experiments, an oil-soluble dye was added to the sol- 
vent to develop greater detail of the surface serrations [7]. The dyes 
used were National “Nigrosene B” (black) and National ‘Oil Red 0.” 
The film was pressed on with a special roller of pliable rubber. Char- 
ame details of replicas produced in this manner are illustrated 
in figure 1, 

Examination of these replicas showed, as was expected, that the 
degree of transparency decreased with increased roughness of the origi 
nal surface. However, of greater significance was the fact that the 
rougher the metal surface, the more pronounced became the variation 
in the geometry of the reproduced pattern. This fact led to the devel- 
opment of an apparatus for evaluating surface roughness, based on the 
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Figure 1.— Micrographs obtained from plastic replicas. 


ly ground surface; B, coarse-shapered surfac« Photographed with transmitted light Magnifica- 
tion x 100 
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Figure 2.—‘Replica’’ surface analyzer developed at the National Bureau of 
Standards. 
i, Light source; B, condensing lens; C, frame for holding replica of surface finish; D, photoelectric (cesium 


cell; E, 5-megohm resistance; F, replica; G, 90-volt B, battery; //, screen for shielding out stray currents 
L, cam and lever for actuating frame C; 4, motor for driving cam and lever L 
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degree of variation of the geometric characteristics in a nearly trans- 
parent replica. au 

The apparatus is illustrated in figure 2. Basically, its operation 
consists in passing a restricted beam of light from light source A 
through an oscillating test replica, /’; thence onto a photoelectric cell, 
D, thus causing a pulsating current from the 90-volt battery, G, to 
pass through a resistance, £, connected in series with cell D. The 
voltage drop across resistance EF is measured with an alternating- 
current electric voltmeter (fig. 3). The light striking the cell causes 











Figure 3.—Electric cercuit of the “replica’”’ surface analyzer developed at the Na- 
tional Bureau of Standards. 


rhe rotating drum, K, may be substituted for the vertically actuated frame, C. to accommodate extra-long 
replicas. 


a photoemission of electrons from the cell cathode to the plate, thereby 
closing the circuit and permitting the current to flow through the 
system, which is diagrammatically illustrated in figure 3. if the 
intensity of the light striking the cell does not vary, a constant direct 
current will flow in the circuit, which will not register on the alter- 
nating-current voltmeter. However, the light transmitted through 
the oscillating replica is of variable intensity because of differences 
in the geometric characteristics of the replica from area to area 
scanned by the beam, as illustrated in figure 4. These fluctuations 
of intensity of the transmitted light cause a corresponding variation 
of electron transmission, which produces a pulsating voltage. Since 
resistance E is constant, the voltage drop is a measure of the current 
passing through resistance E. This current, which is related to the 
degree of variation of the intensity of light passing through the moving 
replica, increases as the variations of the geometric characteristics of 
the different areas of the replica become more pronounced, or in other 
words, as the degree of roughness of the reproduced surface increases. 
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It is by reason of this correlation that the roughness of a surface may 
be evaluated by the “replica” method described. The voltag 
readings may be calibrated in terms of profile “‘peak to valley’’ values 
of the surfaces, determined with the microscope on the original speci. 
mens (fig. 7). 

A diagrammatic sketch of the device, illustrating details of the 
electric circuit, is shown in figure 3. Since the magnitude of th 
current passing through the circuit is very small and the electron 
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Figure 4.—Ezample of the manner in which changes occur in the intensity of igi 
transmitted through a moving replica. 


AB represents a section of a replica of a surface finish showing the profile contour. The number and natur 
of the irregularities included within the limits of the beam in positions I (sections 1, 2, 3, amd 4) and 
(sections 1, 2, 3, 4, and 5), respectively, differ, and therefore the transmitted light reaching a fixed are. 
such as the slit of a photoelectric cell, will differ in the two cases. 


voltmeter is extremely sensitive, precautions were taken to shield ov 
extraneous currents. This was accomplished by enclosing the ap 
— within the properly grounded wire screen, H, illustrated 1 
gure 2. 
The area of the replica covered by the scanning beam for a sing‘ 
setting is controlled by two factors: (1) The condensing lens, B (fig. 2 
and (2) the total length of travel of the replica, (fig. 2). The 
lens limits the width of the beam at the area of contact with th 
replica. The length of the area covered by this image during a test 
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Characteristic appearances of surfaces of test specimens, photographed by 
reflected light directly from the specimens; magnification 1. 


Type of finish 


Polished 
Lapped 
Fine-ground 
Fine-shapered 
Coarse-shapered 


A verage 
“peak to va! 
ley”’ profil 
depth (micro- 
scopic 
section) * 


11 
2s 
46 
$20 

720 


Replica sur- 

profile face analyzer 

evaluations | ¢Valuation 

RMS diaphragm 
Rt 


Average 


1.5 

4 
7 to ll 
65 to 70 


1530 to 170 


ich value is the average of 50 to 60 determinations made on 3 sections of each specimen 


phragm B consisted of an alinement of 10 holes, each about 0.05 in 


mately 0.12 in. apart 


in diameter, with centers spaced 
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Figure 6,— Micrographs of sections of the test specimen showing the contour of 
profile (indicated by trace X Y) of the surface of each. 


The edges were preserved by electroplating with about 0.0002 in. of copper and about 0.002 in. of 1 
Etched with 4-percent pieric acid solution (in alcohol); magnification x 1500 

i, Polished surface; B, lapped surface; C, fine-ground surface; D, fine-shapered surface; E, coarse-shaper 
surface 
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regulated by the setting of the eccentric and lever L (fig. 2). The 
shorter the focal length of lens B, the narrower the image. A 16-milli- 
meter lens, which was found most suitable for the tests reported in this 
paper, produced a rectangular image about 0.2 inch wide by 0.01 inch 
S high in one case and 0.2 inch wide by 0.004 inch high in the second 
case (fig. 7). The eccentric and lever were adjusted to permit a 
¥-inch fength of travel of the replica. Thus the dimensions of the 
area covered for a single test setting were about %. inch by % inch. 
In cases that require the analysis of exceptionally long surfaces, the 
rotating frame, K, (fig. 3) could be used for supporting the replica. 
Two factors that influence the sensitivity of the test are the dimen- 
sions of the slit in the shield over the 4 sere cell D (fig. 3) and 
those of the oe (not illustrated) inserted between light source 
A and lens B (fig. 2) to restrict the vertical dimension (height) of the 
beam of light projected through lens B. The optimum height of the 
light beam and of the slit in the cell shield is influenced by several 
factors, such as intensity of light source, type of diaphragm used, etc. 
In the present study the slit in the shield of the photocell was ap- 
proximately 0.25 inch inch long by 0.03 inch wide. The diaphragms 
used are illustrated in figure 7. The height of the beam as revealed 
by the image formed on the test replica was about 0.01 inch. 
Although the rate of oscillating the test replica influenced the current 
flow and therefore the reading on the meter, the rate was not critical. 
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URE 7.—Curves showing relationship of “replica” surface analyzer evaluations to 
!) profile “‘peak-to-valley”” measurements determined with the microscope, and (2) 
rofle evaluations expressed as root-mean-square values. 
el, replica versus profile evaluations (RMS)—approximately 0.02-in. wide slit diaphragm used on 
plica” surface analyzer; curve 2, replica versus profile ‘‘peak-to-valley’’ measurements determined with 
pe Microscope; curve 3, same as curve 1, except diaphragm had alinement of 10 holes, each about 0.05-in. 
‘ameter with centers spaced approximately 0.12 in. apart. 
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Thus, the maximum reading for each of the tests made was obtained 
within the limites of 200 to 300 oscillations per minute. 


III. EXPERIMENTAL OBSERVATIONS AND DISCUSSION 


In order to ascertain the practicability of the replica method fo; 
surface analysis, the five specimens shown in figure 5, which differed 
among themselves significantly in their surface roughness, were pre. 
pared. The characteristic contour of the profile for each specimen 
is shown in figure 6. Surface facsimilies made from each of thes 
specimens by the use of both clear and dyed solvents were submitte( 
to test on the “‘replica’”’ surface analyzer (fig. 2). 

Replicas containing dye had the advantage of revealing somewha' 
better the details of the metal surface than did those without dye 
However, the results obtained on the surface analyzer with color-fre 
duplicate replicas of the same surface were distinctly more repro- 
ducible. Typical results obtained on duplicate color-free replicas ar 
givenintable1. Because of this reproducibility, the evaluations given 
in this report are based on results obtained with replicas prepare: 
without dye. Nevertheless, the use of dye for this purpose appears ti 
have merit and warrants further study. 


TABLE 1.—Typical results obtained on duplicate replicas, prepared without th 
use of dye 





Type finish 








Moderately course shapered finish 


Finely ground finish 


The tests of the replica surface analyzer were made with two type 
of diaphragms for restricting the beam of light (fig. 3). One was of 
the conventional slit type (A, fig. 7), the slit opening being 0.02 ined 
wide. The openings in the other diaphragm (B, fig. 7) consisted « 
10 alined holes, each about 0.05 inch in diameter, with centers spacet 
about 0.12 inch apart. 

Figure 7 (curve 2) shows the correlation of the average profil 
(‘peak to valley”) depth of the surface serrations, expressed in micro- 
inches, with the values of surface finish determined by the replici 
method, expressed in millivolts. Each profile value determined wit: 
the microscope and plotted in curve 2 is the average of 50 to 60 deter 
minations made at different positions on 3 sections of a specimet 
Curves 1 and 3 show the relation of the replica surface evaluations fo 
the five test specimens (fig. 5) to the root-mean-square values of th 
surfaces of these specimens, as determined by the profilometer method 
Curves 1 and 3 show that the rate of change of the values secured on the 
replica surface analyzer for the same differences in surface roug] ne* 
was greater with diaphragm B than with A. The curves in figure’ 
indicate that the replica method of surface analysis is especially set 
sitive to small changes in surface roughness for the finer graces « 
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finish. It is within this range that many of the conventional means 
for evaluating surface finish are not sufficiently sensitive. 

The results reported should be considered as being strictly appli- 
cable to surface markings, which are approximately unidirectional. 
Further work is planned to ascertain the effect of orientation of surface 
markings on the evaluation of surface finish by the replica method. 

Although the apparatus shown in figure 2 is relatively crude, it 
yielded very promising results. Even more promising results appear 
probable with the incorporation of certain our known types of slits, 
light sources, and means for scanning the film with the light beam. 
None of these was immediately available for the present study. The 
development of a suitable technique for using dyes in preparing these 
replicas may aid in further increasing the sensitivity of this method 
of surface analysis. 

Some of the salient features of the replica method of surface analy- 
sis are (1) easy maintenance of a permanent record of a surface finish, 
(2) rapid average evaluation of a considerable length and width of 
surface at one setting, (3) simplicity of operation, (4) absence of the 
personal factor, (5) preservation of a surface, even for soft materials 
such as lead or tin-base bearing metals, and (6) availability of the 
method, since the replica may be prepared in one locality and trans- 
ported to the location of the analyzer. This procedure might also 
prove useful in evaluating surfaces not readily accessible with present 
means for surface analysis. There are indications that the method 
described also may be applicable for evaluating the corrosion pitting 
of metals. 

IV. SUMMARY 


A new method for evaluating surface roughness is described, which 
involves the use of rapidly produced plastic replicas of variable 
transparency. Evaluations of surface finish made by this method 
on five specimens that differed significantly in degrees of finish were 
correlated with profile values of these surfaces determined by (1) 
the profilometer method (as root-mean-square values), and (2) the 
microscope on cross sections (‘‘peak-to-valley’’ values). These data 
show that this replica method is especially sensitive for the evaluation 
of surfaces having high degrees of finish. 
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WEARING QUALITY C OF SOME VEGETABLE-TANNED SOLE 
LEATHERS 


By Robert B. Hobbs and Ruth A. Kronstadt 


ABSTRACT 


The differences between the wearing qualities of vegetable-tanned commercial 
sole leathers are small, the difference between the best and worst of the 20 tannages 
studied amounting to less than 16 percent. Additional compression, similar to 
that given by heavy rolling, improved the wear 5 percent. The tests also indicated 
that there is no significant difference in the wear of leather tanned from domestic 
and from frigorifico hides; that water-soluble material and grease are lost from 
soles in service, with the greatest loss being shown by water-soluble ash; that the 
“rubber” and “leather’’ abrasive machines are of little use in predicting the relative 
wearing qualities of tannages; and that the water-soluble content, firmness, and 
degree of tannage are useful in estimating the wearing quality. These conclusions 
are based on tests in service of about 500 pairs of soles, mostly at Camp Lee, Va. 
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I. INTRODUCTION 


The present World War has greatly increased interest in the problem 
of improving the wear of sole leather. To this extent the history of the 
first World War has been repeated, for at that time researches on 
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improving the quality of sole leather [1, 2, 3]' and on measuring the 
resistance of leather to abrasion in the laboratory [4, 5] were first 
reported in the literature. This concern about the quality of sole 
leather is related directly to the excess of demand over supply in time 
of war. It finds expression in research in two directions, first, for 
substitutes for leather, and second, for methods of improving the wear 
of leather. 

The investigation reported in this paper was concerned with the 
relation between physical and chaanicel properties of sole leather and 
its wearing quality. It was begun at the instance of the War Pro- 
duction Board, which requested that an effort be made to determine 
whether any of the ordinary commercial tannages would wear sig- 
nificantly better or worse than the average, and whether heavier 
rolling would improve the wear. The experiments were planned 
primarily to give the answers to these questions. At the same time, 
however, it was possible to get considerable information on the 
chemical and physical properties of the tannages studied, and to 
examine the aietion between these properties and the wearing quali- 
ties of the tannages. This report is published with the expectation 
that the experimental results will be of interest to tanners of sole 
leather and to those responsible for the framing of specifications. 


II. MATERIALS AND METHODS USED 
1. SELECTION OF LEATHER 


All domestic tanners of factory sole leather were invited, through 
the Tanners’ Council, to cooperate in these tests. Each was asked 
to submit 10 bends of factory leather, representative of his current 
production, gaging 10 irons, tanned from domestic branded steers, 
clear and free of brands, with the name of the establishment or tan- 
nage stamped on the tail. Seventeen such lots of bends were re- 
ceived. There were also submitted three lots of bends tanned from 
South American hides. These were included in order to compare 
leather tanned from domestic and from frigorifico hides. 


2. IDENTIFICATION AND MEASUREMENT OF BENDS 


When the bends were received an identifying letter was assigned 
to each tannage, each bend was marked with the proper letter, and 
the other identifying marks were removed. The bends of each 
tannage were numbered from 1 to 10 in order of increasing thickness. 
The following observations were recorded for each bend: kind of hide 
(domestic or South American), right or left bend, gage in irons, width 
at butt and at shoulder, length, and an estimate of its solidity. The 
average dimensions and observations for each tannage are given in 
table 1. 


3. PREPARATION OF SPECIMENS FOR TESTS 


All taps were cut in the standard large military size, which could be 
used for all the shoes in the tests. The locations from which the taps 
were cut are shown in figure 1. 


! Figures in brackets indicate the literature references at the end of this paper. 
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TABLE 1.— Dimensions of bends of sole leather 


| Width 


| at Length 
| shoulder 





Gage 
(irons) 
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46 . | Domestic; flexible. 

45 1,270 | South American; flexible. 
4y " Domestic; flexible. 

52 350 | Do. 
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Domestic; firm. 
South American; firm-fiexible. 
Domestic; flexible. 
Domestic; firm-fiexible. 
| Domestic; flexible. 
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Domestic; firm-flexible. 
Domestic; flexible. 
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South American; very ticky; flexible. 
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Domestic; firm-flexible. 
Domestic; cows; flexible. 
Domestic; flexible. 
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! Area equals average of widths times length. 


Cutting was started at the point where the wrinkles at the root of the 
tail ended. Six strips, each 6% in. wide, were cut, and four taps were 
cut from each strip, starting at the backbone edge. The Ist, 3d, and 
5th strips from odd-numbered bends, and the 2d, 4th, and 6th strips 
from even-numbered bends, were cut into left taps, the others into 
right taps. 

Taps 2 and 3 were used for chemical analyses and physical measure- 
ments; these correspond most nearly to the ‘A’’ location in the Official 
Methods of Sampling and Analysis of the American Leather Chemists 
Association. Taps 4, 10, 12, 22, and 24 were used for the comparison 
of wearing qualities of the tannages in actual service.. Taps 8, 9, 15, 
16, 18, 19, 25, and 26 from some bends were used for the study of the 


< 


(s}| [9] 


15 16 


23 


Fiaure 1.—Location of taps for tests. 


Taps shown with solid shading were used for the comparison of wearing qualities of tannages; those indi- 
cated by horizontal lines were used for the study of the effect of compression and for measurement of re- 
sistance to abrasion in the laboratory; those marked with diagonal lines were used for chemical analyses 
and physical tests. 
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effect of compression on wearing qualities, as will be shown below. 
Taps 15, 16, 17, 18, and 19, with a few others from some bends, were 
used for measurements of resistance to abrasion in the laboratory. 
The weights and thicknesses of all taps were measured after condition- 
ing in an atmosphere at 70° F and 65-percent relative humidity for 
48 hours. 

For the study of the effect of additional compression, 80 pairs of taps, 
4 from each of the 20 tannages, were used. The 4 pairs of taps from 
each tannage were taken from the following hides and locations: 











Hide | Location | 











After measurements of thickness and weight, 1 tap of each pair was 
taken, and to each of the group of 80 taps so formed there was added 
10 percent by weight of water. This amount was chosen because it 
gave a total percentage of water approximately equal to that used by 
many tanneries when rolling sole leather. The taps were placed over 
water in a tightly closed container overnight to sammy. Each was 
then subjected to a pressure of 3,000 |b/in.? for 3 minutes between flat, 
parallel metal surfaces. The compressed taps were reconditioned in 
the standard atmosphere and their thickness again measured. 

After the taps had been matched in pairs, according to the procedure 
that will be described below, the serial number assigned to each pair 
for identification was stamped with dies about 1 inch from the base 
of each tap, on the flesh side, and was protected with a coat of cellu- 
lose acetate dope. 


4. TESTS IN,SERVICE 
(a) WEARERS AND SHOES 


By permission of the Quartermaster General, Major General 
Edmund B. Gregory, facilities were made available for the wearing 
of the shoes by Officer Candidates in a regiment commanded by 
Lieutenant Colonel John W. McDonald at Camp Lee, Va. Arrange- 
ments were made by Colonel Max Wainer, of the Quartermaster 
Board at Camp Lee, for the conduct of tests by representatives of 
the National Bureau of Standards. 

The shoes used were standard Army number 2 shoes, conforming 
to Army specifications in every respect, except that the test taps were 
used as outer soles. 


(b) PLAN OF COMPARISON 


It was necessary to get comparisons between the different tannages 
by making up each pair of taps with a sole from one tannage matched 
against a sole from another tannage, as it was not practicable for the 
men at Camp Lee to keep daily records of the number of hours that 
the shoes were worn. This plan had the advantage of giving direct 
comparisons between the tannages, rather than depending on the size 
of the sample to give reliable figures for the length of time that a 
given tannage would wear. 
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In matching the pairs, the following rules were observed: 

(1) Each tannage was matched at least twice against every other 
tannage and against itself. Thus each tannage was represented on 
at least 40 pairs of shoes. Matching each tannage against itself 
twice gave 40 pairs of soles from which could be calculated an inde- 
sree estimate of the variance due to other sources than differences 

etween tannages. 

(2) The two taps ip each pair had the same location numbers. 
This minimized differences in wear attributable to differences in 
location on the hide. 

(3) The two taps in each pair came from bends numbered in se- 
quence. As the ae were numbered in order of thickness, this 
tended to minimize differences in thickness between the taps. 

(4) The five locations used for the tests in service were selected in 
cyclic order in such a way that different locations were used for each 
comparison between two given tannages. This tended to minimize 
variations attributable to possible different patterns of wear over the 
bend for different tannages. For example, it might be supposed that 
tannages having the same amounts of water-soluble matter in the 
region of the backbone, but different amounts in the belly areas might 
give different relative wear between the taps of a pair selected from 
the first region as compared with the relative wear of a pair of taps 
from the latter region. 


(c) CONDUCT OF THE TESTS 


The numbered taps were clipped together in pairs and shipped to 
a factory experienced in the manufacture of Army shoes. From the 
factory the shoes were shipped directly to Camp Lee, where about 
450 pairs were issued to the Officer Candidates. Fifty pairs were 
issued to workers employed in various war industries, such as machin- 
ists, laborers, glass makers, shipyard and railroad workers, and labora- 
tory personnel. N44 

uring part of the period of wear, the men were engaged in training 

activities in the camp, and during the remainder they were occupied 
with practice maneuvers in the field. The period of wear extended 
over about 7 weeks in June, July, and August. The weather was 
warm, with light to moderate rainfall. The soils in the area appear 
to be chiefly sandy and silt loams, in part under forest cover, with 
occasional small mucky areas in the region of the practice maneuvers. 
The pH values of the soils are in the neighborhood of 4.5 to 5.5. 

Periodic inspections of the shoes were made by observers from the 
National Bureau of Standards. When either sole of a pair was worn 
through, that pair was withdrawn from service. When the wearers 
left Camp Lee, their shoes were sent to the laboratory. 


(d) MEASUREMENT OF TAPS 


Dirt was removed from the worn taps by scraping and brushing, 
using solvent to remove accumulations of adhesive where necessary. 
The taps were then conditioned in the standard atmosphere. Their 
thicknesses were measured by the method of Whitmore and Downing 
[6], they were weighed, and the area of each tap was measured with a 
planimeter. In a few instances where parts of the tap were worn 
completely away, those parts of the outline of the tap still present 
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were projected to form the complete outline of the tap, and the area 
of this outline was measured. 


5. TESTS IN THE LABORATORY 
(a) CHEMICAL ANALYSES 


Composite samples of the unworn leathers were prepared for 
chemical analysis, using portions from each of the 10 bends in each 
tannage. The official methods of the American Leather Chemists 
Association [7] were used. Total ash, water-soluble material, hide 
substance, grease, degree of tannage, and pH were determined for the 
A, B, and J locations. Portions of the worn soles were similarly 
analyzed, except that no classification according to location was made. 


(b) PHYSICAL TESTS 


The resistance to abrasion was measured by three laboratories, 
using the provisional method of the American Leather Chemists 
Association [8]. From each tannage, 12 pairs of taps were taken, at 
least 1 pair but not more than 2 from bed 4 bend. The 2 taps of each 
pair were located with their wider ends adjacent in the bend. Two 
specimens for this determination were cut from each tap. Of the 
4 specimens from each pair of taps, each laboratory received 1, se 
that the 3 laboratories had nominally identical samples of 12 specimens 
each from each tannage. In all the laboratories, the 12 specimens 
from each tannage were run on the wheel of the abrasion machine 
at the same time. 

The resistance to abrasion was also measured by two laboratories 
using the machine designed by Holt for measuring this property of 
rubber [9], and used by some laboratories for leather. Two nominally 
identical samples were used for this purpose. Each consisted of 12 
specimens from each tannage, taken from the taps mentioned in the 
preceding paragraph. 

The apparent density of the specimens for measurement of abrasion 
was determined from the weight and dimensions of the specimens. 
Pieces cut from the worn soles were used for measurements of apparent 
density by the apparatus and method of Wallace and Kanagy [10]. 

The compressibility was measured by the change in thickness of a 
oper subjected to the process of compression described in section 
II-3 of this paper. 


III. RESULTS AND DISCUSSION 


1. TESTS IN SERVICE 
(a) VARIATION IN WEAR BETWEEN TANNAGES 


The results of the tests showed that two tannages were significantly 
worse than the average, and that three were better. In no case, 
however, did the difference between any tannage and the average 
exceed 9 percent. 

The results were first calculated by the usual method as “quality 
indexes” [6] for each pair of taps, with the index for the better tap of 
each pair set arbitrarily at 1.00, and the index for the worse one 
expressed as a decimal fraction. The sets of indexes calculated thus 
did not lend themselves readily to the estimation of significant dif- 
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ferences between tannages, as the distribution of frequencies was not 
normal but J-shaped. Some distributions for single tannages had 
additional maxima at lower values. If, however, the average index 
for each pair of taps is made equal to 1.00, a normal frequency distribu- 
tion is obtained. The calculation is given by the formula 


9 
<y 
=—=——» 
ae os 
where Q, is the index of a tap X in a pair X,Y, and z,y are the thick- 
nesses worn away from X and Y, respectively. For convenience in 
interpretation, all indexes were based on 100 instead of 1.00. An 
index calculated in this manner is designated ‘quality ratio’ to 
distinguish if from the original “quality index.” 

The average quality ratio for each tannage was calculated. This 
index, based only on the thickness worn away, will be called Q,. The 
values of Q, are given in the second column of table 2. Q, is the 
measure of wearing quality that is of most interest to the wearer of 
shoes who pays a price that is negligibly affected by the weight of the 
sole leather. It is the index that most nearly reflects the interests of 
the average individual consumer. 

An analysis of the variance of individual values of Q, was made.’ 


TaBLe 2.—Relative wear of tannages 








| Standard 

















Tannage Q: error of Qs | Density | Qa Qa Qae Ve 
aii SS ee ee 

1 2 3 4 5 6 | 7 . 
“a _ Tee 

| g/cm | 
A 95.3 | 1.5 | 0.92 108.3 | 90.0 | 6.7 103.3 
B.. 99.4 | 1.5 96 103. 2 | 91.6 | 95.2 | 107. 2 
C.. 95.4 1.6 97 98.1 | 94.1) 96.8 | 97.4 
D 98.2 1.7 102 6.0 105. 1 102. 8 | 90.7 
E 99. 4 | 1.6 | 0.96 103, 2 | 95. 3 | 99.0 | 105. 0 
wil od shi eed 109.0 | 1.7 1.07 | 101.6 | 111.3 | 103.8 | 100. 6 
G. 102. 4 | 1.6 1.00 102.1 | 100. 8 | 100. 5 101. 9 
H. Ei 97.2 | 1.5 1 02 | 95.0 | 107.1 | 104.7 | 96.5 
J 101. 5 | 1.6 1. O1 | 100. 2 | 101. 2 | 99.9 98. 2 
4 107.2 | 1.7 1.03 | 103. 8 106.0 | 102.7 | 107.7 
L 107.7 | 1.6 1. 02 | 105. 3 | 104.1 | 101.8 | 104.1 
M.. 97.8 1.7 1. 00 | 97. 5 | 98. 0 97.8 04.0 
RRS WE oN 93. 5 | 1.6 0. 99 | 94.1 | 92.7 93. 5 | 4.3 
I 101.8 | 1.8 99 | 102.5 101.7 102. 5 | 101.2 
104. 8 | 1.7 | 105 | 99.5 99.5 94.5 104. 8 
RK 95.7 1.7 1. 00 | 95. 4 | 103. 9 103. 7 | 89.0 
8 95.9 | L7 0.95 | 100. 6 4.8 99.6 | 100. 6 
I 100. 3 | 1.8 96 | 104. 2 | 91.7 95.3 | 107.4 
U 97.2 1.7 1.03 | 94.1 110.7 107. 2 | 90.9 
W 99.8 | 1.7 0.99 100. 5 100.3 101. 1 | 102. 2 
* Analysis of variance of Q,: 
. . Degrees of Sum of Mean 
source freedom squares square 

Total. a AY 815 106, 127 130. 217 
Between tonnages ° . 19 15, 071 | 793. 210 
Within tannages baa 796 91, 056 114. 392 


Mean square between tannages 
Mean square within tannages 
Standard deviation =10.7 


6.93 
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The standard deviation was 10.7. The standard deviation calcu- 
lated from the results of 35 nominally identical pairs of taps, that is, 
with both taps from the same tannage, was 8.6. The difference 
between the two values was less than twice the standard error of the 
difference. A weighted average value 10.6 has been used in subse- 
quent calculations. 

The standard error for the mean of each tannage was calculated. 
These values are given in column 3 of table 2. en the difference 
between the mean for a tannage and 100 (the mean of all ratios) 
exceeded three times the standard error, this fact was taken as indi- 
cating a significant difference. By this criterion, two tannages, A 
and N, are worse than av e, and three, F, K, and L, are better. 
In no case, however, is the difference greater than 9 percent. This 
variation is much less than many persons familiar with sole leather 
had expected. 

The quality ratios are given as adjusted on the basis of weight, 
under the symbol Q,. This ry ie rem is necessary from the point 
of view of the purchaser of sole leather as such, since he does not buy 
leather on the basis of thickness and area alone, but pays for it by 
the pound. Any index of wearing quality, to be useful to him, should 
take account of the weight. This has been done in at least two 
previous investigations (2, 11] by dividing by the density. This 
operation was therefore performed on Q,, using the figures for density 
of specimens for the abrasive tests, given in column 4 of table 2, and 
readjusting the results to an average of 100. The results are given 
in column 5. The maximum difference from the average is now less 
than 6 percent. This is an indication that part of the apparent 
difference in quality, judged on the basis of thickness alone, is caused 
by greater density of leather, which, in turn, may have been the 
mth. 9 of heavier rolling. This point will be considered again below. 

Another methoc of adjusting the quality ratios is on the basis of 
the hide substance in the leather. This is important from the point of 
view of conservation of hides. The relative wear per unit of hide 
substance, used as an indication of efficient utilization of hides, was 
calculated by dividing Q, by the percentage of hide substance (see 
table 4) and multiplying by a constant factor so as to give an average 
of 100 for all tannages. The results, designated Q,, are given in column 
6 of table 2. A variant method is to divide Q, by both hide substance 
and density, and then to adjust the quotients to an average of 100, as 
before. ese results, Q,,, are given in column 7. Both Q, and 
Qn leave something to be desired in that they do not directly take 
into account the weight of hide substance coming into the tannery, 
that is, they give no indication of the efficient operation of the beam- 
house in conserving hide substance, as distinct from the operation of 
the tanyard. They are, however, the best measures available from 
analyses of the finished leather. 

As the percentage of hide substance is on the basis of weight, it is 
perhaps preferable that a quality ratio based on hide substance 
should also take into account the density, as does Qag. ag also seems 
to be of particular interest, as it reflects to some extent the interests 
of the buyer, the wearer, and the conservationist. 

The weight of leather worn away from a sole in service may be 
considered as a measure of the average thickness worn away over the 
whole area of the sole. It has little immediate practical significance, 
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as the useful life of a sole is determined by the time when the maximum 
thickness worn away becomes equal to the original thickness of the 
sole, or nearly so, and not by the average thickness worn away. The 
results of measurements of the loss in weight of the soles in this experi- 
ment are included for the benefit of those who may wish to use the 
data in theoretical studies. 

It was necessary to calculate the loss of weight of a tap by an indirect 
method, since the weight of the tap, after being aceaahal! €6 the shoe 
and trimmed to fit, was not obtainable. Let W, and A, be the weight 
and area of the original cut tap as measured in the laboratory; let 
W, and A, be the weight and area of the tap after being trimmed to 
fit the shoe; and let W, and A, be the measured weight and area of 
the worn tap. Then it is approximately true that W,/W.—A,/A, and 
that A,—A,; hence W,=(A,W,)/A., and L, the loss of weight in 
service, is given by L= W,— W,,=(A,.W,)/A.— We. 

The casei ratios from the data on loss of weight were calculated 
in the same way as those from the data on change in thickness. The 
results are given in column 8 of table 2 (Q,.). 


(b) EFFECT OF ADDITIONAL COMPRESSION ON WEAR 


As was stated earlier, 80 pairs of matched taps were used for this 
experiment, 1 tap of each pair having been compressed. The measure- 
ments of the thickness of the worn taps were used to calculate results 
in two ways, on the basis of the absolute change in thickness for each 
tap, and on the basis of the change in thickness as a fraction of the 
original thickness of the tap. 

he basis of the absolute change in thickness for each tap is of 
particular interest to the consumer who purchases sole leather on the 
basis of thickness, since he is concerned with the relative wear of two 
leathers, of the same thickness after one has beén rolled heavily. 
The basis of the change in thickness as a fraction of the original 
thickness, when put on the shoe, is of more interest to the conserva- 
tionist, since he is concerned with the effect of heavy rolling on the 
rate of wear of the original material, that is, with the relative wear 
of two taps having the same thickness before one is rolled heavily. 

Let 7, be the original thickness of each tap in a pair, and let 7, be 
the thickness of one tap after compression. Let 7’, and 7’, be the 
thicknesses of the worn taps corresponding to 7’, and T,, respectively. 
Then the quality ratio for the compressed leather with respect to the 
normal leather may be calculated either as 





i a) 
or as 
(tT T'4~)/T, 
(7.— latlie 
that is, 
(T,—T ra) T 
(T.— Pex) qT, @) 


These are the two methods of calculation mentioned in the preceding 
paragraph. 
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It was found from measurements that the thickness of the original 
taps was 1.12 times the thickness of the same taps after compression. 
That is, 


T.=1.12T.. (3) 


The loss in thickness of the uncompressed taps in service was 1.205 
times the loss in thickness of the compressed taps. That is, 


D.—T or 
T. 3 T cw 


The average change in thickness of the uncompressed taps in 
service, expressed as a fraction of their original thickness, was 1.075 
times the average change in thickness of the compressed taps, ex- 
pressed as a fraction of their original thickness. Using the notation 
adopted, we may write 


(T.— T ow) T. 
(T.—T ew) T 


It has been suggested that a decompression may take place during 
wear, that is, that the leather fibers may spring out of the positions 
into which they have been forced by rolling. In order to check this 
point, the apparent densities of samples of worn soles were measured. 
The results indicated that the density of the normal leathers was 
about 2 percent less after wear, and that the density of the compressed 
leathers was about 4 percent less after wear than before. This 
supports the idea that decompression takes place. A correction in 
the results of the service tests of the compressed and normal leathers 
is therefore necessary. This was effected by decreasing the figures 
for the average thickness of the worn normal soles by 2 percent, and 
that of the worn compressed soles by 4 percent, before proceeding 
with the other calculations. 

Let the corrected figures for the thicknesses of the worn soles be 
T’ 9» and T’... Then 


= 1.205. (4) 


=1.075. (5) 


T’ «=0.98T cs, (6) 
and 
T’ 3 =0.96T x. (7) 


It was known from the measurements that the average thickness 
worn away from the normal soles was 0.561 times the original thick- 


ness, that is, 
T.— Ton=0.561T, (8) 


or 

T =0.439T,. (9) 
From eq 6 and 9, 

T’ oo=0.430T,. (10) 
From eq 4, 3, and 9, 

T.2=0.427T,. (11) 


From eq 11 and 7, 
T’ »=0.410T,. (12) 
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The value of expression 1, using values of 7,, 7’,,., and 7”., obtained 
from eq 3, 10, and 12, now becomes 
T,—0.430T, | =118 
.08937,—0.410T, ~~" 
Similerly, the value of expression 2 becomes 1.054. 
These results are tabulated below: 





Improvement in wear caused by heavy rolling 








. — cor- 
, rec for 
Thickness of sole Original | decom pres- 
data ; 
sion in 


| service 








% % 
20. 5 1 
7.5 


| 
Soles equally thick after rolling one heavily - a 
Soles equally thick before rolling one heavily-.-.-........-- oaeee Jott 

| 


8.0 
5.4 


From these results, the purchaser of sole leather on the basis of 
thickness might reasonably expect leather, heavily rolled as in this 
experiment, to wear about 18 percent longer than lightly rolled leather 
of the same thickness. 

The results also indicate that a given tap will wear 5.4 percent 
longer if it is rolled heavily enough to give compression equivalent 
to that obtained in this experiment. This figure, 5.4 percent, is the 
one that is important to the conservationist, as it indicates the im- 
provement in wear that might be expected if all sole leather were 
heavily rolled. 

A test [3] of soles in service in Army camps in the southwestern 
part of this country showed that soles rolled according to usual com- 
mercial practice wore 16 percent better than unrolled soles. This 
figure corresponds roughly to the figure, 20.5 percent, reported here, 
although the tests represent comparisons covering different degrees of 
compression. 


(c) COMPARISON OF LEATHERS FROM DOMESTIC AND FROM FRIGORIFICO HIDES 


The data yielded a direct comparison of the wear of leathers from 
domestic and from frigorifico hides. The pertinent information is 
given in table 3. Tannage B, for which South American hides were 


TABLE 3.—Comparison of leathers from frigorifico and domestic hides 
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TaBLe 4.—Chemical analyses of leathers 
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used, was manufactured at the same tannery as T, which was made 
from domestic hides. Tannage G, from South Americans, came from 
the same tannery as W, from domestics. The comparison of chemical 
and physical data shows the identity of the treatment of the domestic 
and frigorifico hides in each tannery. For most of the items the 
differences are small enough to be within the range of experimental 
error. The results from the tests in service are very nearly alike. 
There is no evidence here that frigorifico hides will yield sole leather 
differing in quality from that from domestic hides. 


2. TESTS IN THE LABORATORY 


(a) CHEMICAL ANALYSES 


The results of chemical analyses of the new leathers are given in 
table 4. As this is a fairly representative indication of current prac- 
tice in the manufacture of sole leather in the United States, the entire 
body of data is reproduced, although no further use will be made of 
some of the data in this paper. 

Chemical analyses of the worn soles are given in table 5. The 
results appear to be generally consistent, although there are a few 
aberrations, probably caused by fortuitous exposure of the shoes of 
some wearers to such materials as oil or water, a hazard that the size 
of the samples was too small to overcome. The general averages at 
the bottom of the table, however, may be regarded with a considerable 
degree of confidence, as they include a large number of specimens. 

Seam a comparison of the general averages of chemical analyses 
of the new and worn soles, certain conclusions may be drawn about 
changes occurring in the leather during wear. The insoluble ash has 
increased from about 0.2 percent to about 1.1 percent. Visual and 
tactual examination shows that this is due to gritty particles of soil 
becoming embedded in the leather. The soluble ash has decreased 


Taste 5.—Chemical analyses of worn soles 
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from about 11 percent on the basis of the hide substance to about 3.5 
percent, showing that a major part of the added salts is lost in service, 
probably by being leached. Other water-soluble material decreased 
from about 70 percent to about 44 percent on the basis of the hide 
substance, indicating a loss caused by leaching, but only at about 
half the rate for the inorganic materials. The percentage of grease 
also shows a marked decrease. Some small increases shown by 
individual tannages may be only apparent, because of the unequal dis- 
tribution of oil through the thickness of the leather, as shown by 
microscopical examination at the Tanners’ Council Laboratory, or 
because of chance exposure, in service, of some specimens to oil. 
Either alternative suggests the desirability of further experiments 
er wong especially to study the behavior in service of the oil in sole 
eather 

The increase in the degree of tannage is so small that it may not be 
significant. It is, however, in the direction that would result from 
increased fixation of water-soluble tannins by the hide substance, 
and decreases still further the apparent loss of water-souble organic 
matter as compared with the water-soluble ash. 


(b) PHYSICAL TESTS 


The results of measurements of resistance to abrasion by the three 
laboratories are given in table 6. The orders in which the tannages 
were ranked by each machine in each laboratory are given, with ranks 
assigned by the midrank method when ties occurred. The indexes 
are expressed in the units customarily used for each type of machine. 
Each column shows some correlation with the results of tests in serv- 


TABLE 6.—Abrasive indexes! of sole leather 













































































“Leather” machine “Rubber” machine 
= sarees Fits : 
Tannage | Laboratory A | Laboratory B | Laboratory C Aver: | Laboratory B | Laboratory Cc Aver 
| | | | | age 

| Index | Rank| Index | Rank| Index | Bank; index t | Base | = Index | Rank| 4° 
aad sesad — S siiaiiieeee BARR Re siblegn | 
A | 240 | 18} 2980) 12%) 4550} 7 3200 | 0.288 | 15 | O2i7) 17 | 0.282 
BR | 2060] 14) 3450) 5 | 3120] 13 3080} .202) 3/| .128] 1 . 184 
Cc -..| 4660 1} 2360] 15 7140 | 434) 4890 “252 | 5| .164] 4 . 208 
D | 3130] 8| 3350| 6 | 2700| 2 | 3000| :307 | WZ) .2aa| 1s . 4 
E .--| 3170 7) 240) 19 | 240) 16 | 2920) . 264 | / 180) 8% .222 
a , J 2700; 11| 3740/ 234) 2040/ 16 | 3190/ .263| 6 196 | 15 . 230 
G | 3240 4| 3000! 8 | 6670/ 6 440; .29/ 2 | .168/ 5 204 
H | 2880] 10) 2680] 18 | 4000) 8 | 3170| .295) 16| .296) 20 . 266 
J -| 32330} 3] 3000) 11 9000 | 244) 5120) .285| 13| .186| 12% .236 
hs 3050; 9] 2080 1234] 11110) 1 S710 | 243) 4). 182] 212 

| | | 
L | 280] 16] 3170) 7 2780} 18% 210) .274| uw! .175| 7 | 2m 
M | 2509/ 15) 3080) 9 7140 | 439) 4200) .270/ 10/ .181| 10 | .236 
N 3210 6| 3740; 234 3230/ 1 3390 | .286| 14/ .186| 12%) .236 
P _.| 220} 19] 2910 3330 | 10 313] 18) £193) 14 |. 253 
Q -,| 3220 5| 3400; 4 | 9090; 2% 5270! .193; 1] .163 3) «i 
R | 2250 20| 2500} 20 | 2780] 18%) 2510 | a4} 19 | i97| 16 | . 286 
#e 3430 2} 2730| 17 | 3120] 13 | 3000) .277; 12| .180| 83 .229 
De ccscnedad | 2490} 17| 300 10 | 3840] 9 | 3110 | mg] 9] :1390/ 2 | °20 
a | 2000} 12|) 3800) 1 | 2940] 16 | 3170) .317| 20/| .231/ 19 274 
Ww | 2670; 13| 2760) 16 ; 3120] 13 | 2850 | 8 _ 8) =. a 220 
Average... 2860 |. 3100 |......| 4780 |...... 3500 | 0.278 | J 0.186 |......| 0.229 

| | | i 








! The indexes for the “leather’’ machine are revolutions per millimeter; for the “rubber’’ machine, 
inches per 500 revolutions. 
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ce, as measured by Q,. The best correlation was that obtained by 
aboratory B with the “rubber’’ machine, with a coefficient of correla- 
ion, —0.52. The negative sign shows that a high value for resist- 
ance to abrasion in the laboratory was accompanied by a low value for 
), As a high numerical value for the measurement in the laboratory 
ndicates poor wear, there is actually a positive correlation between 
he machine and actual service. Somewhat better correlation was 
ybtained with the “rubber” than with the “leather” machine. The 
creement between laboratories, based on ranks, is also better for the 
“rubber” machine. For both machines, the averages show: that 
bsolute values obtained by different laboratories are not comparable. 
he rether poor degree of correlation indicates that, although resist- 
ance to abrasion may be one factor affecting wear, it is so much over- 
balanced by other factors, or these methods of abrading the leather 
are so far different from the kind of abrasion encountered in service, 
that these methods in their present stage of development are of little 
use in distinguishing between tannages. 

The results of the measurements of compressibility are given in 
table 7. Determinations were made on two groups of specimens. 
The first consisted of rectangles, 50 by 98 mm, cut with a die from 
locations 2 and 3; the results are given in column 2. The second 
consisted of taps used in the tests in serv:2e; the results are in column 

The average of the determinations on the two groups, given in 
column 4, is taken as the measure of compressibility used in this 
paper. The order of relative firmness (inverse order of compressi- 
bility) is given in the fifth column. 

The data in this table give another means of testing the suggestion 
advanced in section III—1—(a), that the firmness affects the wearing 
quality. In figure 2, the values of Q,; are plotted in the order of de- 
creasing firmness, or increasing compressibility. It appears that the 
firmer leathers wear better. If a straight line is drawn so as to pass 


TABLE 7,—Compressibility of sole leather 
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through the tops of most of the bars, the bars representing sey» 
tannages fall below the line, that is, the relative wear of these tannay, 
is not as good as might be — from their firmness. Of the 
seven, five D, H, M, R, and U, have high contents of water-solu)Ji# 
matter. The bars for four tannages extend considerably above t) 
line, that is, their relative wear is better than the firmness would |e) 
us to expect. All four contain less than the average amount of wate. 
soluble matter. 
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TANNAGES IN ORDER OF DECREASING FIRMNESS 10 
FicuRE 2.—I ndezes of wearing quality, Q, arranged in order of decreasing firmnm 


As pointed out earlier, the index of wearing quality most useful ie © 
the purchaser of sole leather as such is that which has been adjuste! 
on the basis of density, Q,. There is a very low degree of correlatinig 
between Q, and compressibility. This indicates that most of thi 10 
correlation between compressibility and Q, is due simply to the fad 
that when greater compression is applied, there are more fibers pe 
unit volume to take the brunt of the wear. This confirms the resuliF 9 
of the tests in service of taps compressed in the laboratory. : 

The correlation of Q, with water-soluble content is shown in figur 
3, in which the average content of water-soluble matter in the A, } 9 
and J locations bas been used. It appears to be true through th 
commercial range of water-soluble content that an increase of water 
soluble matter results in decreased wearing quality. Some effect 2 
heavy rolling is still apparent. The firm leathers L, K, F, Q, and? 
all have higher indexes than others with the same amount of water 
soluble matter. 

There is a rough relationship between Q, and the amount of wate- 
soluble material Tost during service, as shown in figure 4. This sup 
ports in part the hypothesis that poor wear may be caused by remov# 
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. wotee- sana matter, leaving the structure of the leather open anj 
abby. 
.. From these considerations it seems that in order to buy wear iy 
sole leather, the consumer should select tannages that are well rolled 
as evidenced by low compressibility, and which have small amount 
of water-soluble matter. 

It has been stated that the quality ratio Q,, is an indication o 
effective utilization of raw material. A rough relationship betwee 
Q,q and the degree of tannage is shown in lows 5. This suggests 
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DEGREE OF TANNAGE 
Fieure 5.—Relation between degree of tannage and index of wearing quality, 0,« 


that conservation of hides will be promoted by making leathers with 


high degree of tannage. This statement should not be extended to 
degrees of tannage above 80, the upper end of the range studied. 


IV. SUMMARY 


The experiments showed that the differences in the wearing quality 
of the commercial tannages of sole leather studied were small, as 
illustrated by a maximum difference, between the best and worst 
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annages, of less than 16 percent. It was shown further that addi- 
ional compression improves the wear, so that extra rolling would be 
xpected to improve the total wear obtainable from a given piece of 
eather by about 5 percent. 

These experiments also lead to several other conclusions that seem 
easonable. They are, first, that leathers from domestic and frigori- 
ico hides have equal wearing quality; second, that water-soluble 
,aterial and grease are lost from the soles in service, with the greatest 
oss being shown by water-soluble ash; third, that the “rubber” and 
‘eather’ abrasive machines are not very useful for predicting the 
elative wearing quality of tannages; and fourth, that water-soluble 
content, firmness, and degree of tannage are useful in predicting the 
rearing quality of tannages. 
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QUENCY METER FOR USE WITH GEIGER-MULLER 
COUNTER 


By Leon F. Curtiss and Burrell W. Brown 


ABSTRACT 


An improved circuit is described for reading the rate of pulses from a Geiger- 
iller counter.' Based on the usual procedure of leveling and rectifying the 
hises to charge a condenser, the improvements concern a bridge-type vacuum- 
be voltmeter to read the voltage on the condenser and an arrangement to com- 
nsate parasitic potentials developed in the rectifier for the pulses. An ade- 
bate source of potentials from one small transformer is described, which renders 
e circuit useful in portable instuments. Particular care has been taken to de- 
mn a circuit that is independent of the voltage of the alternating-current mains 
om which the circuit is operated. A modification of the circuit for rapidly 
caying sources is also described. 


CONTENTS 


I. Introduction , - 

|. Cireuit for gamma-ray exposure meter - 

I. Adjustment of sensitivity............--- 
/. Cireuit for rapidly decaying sources - - - - 


I. INTRODUCTION 


The use of Geiger-Miiller counters can be extended considerably if 
he accessory equipment for their operation can be made light enough 
) be readily portable and at the same time thoroughly reliable. 
fany attempts have been made to achieve this result, but in general 
he equipment that has been found satisfactory is too heavy, and that 
hich has been sufficientiy light is not reliable, since their compo- 
nts are operated beyond their normal capacity. Now that the vapor- 
lied Geiger-Miiller counters have been shown to be quite? trust- 
orthy when simple precautions are taken in preparing them, the way 
open for the development of accessory circuits, operated directly 
om alternating-current mains, which are of moderate weight and in 
hich all parts are operated within their specified rating. There is 
resented here a description of one such circuit that has given very 
ood performance. Completely assembled in a metal case, the device 
eighs slightly less than 15 pounds. 
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II. CIRCUIT FOR GAMMA-RAY EXPOSURE METER 


A diagram of the circuit for operating and reading the output of 
Geiger-Miiller counter is shown in figure 1. Since one object is 
reduce weight, the power transformer selected is the smallest of thogmpat th 
made commercially for the operation of radio sets. The secondarqmpoadel 
which is center-tapped, delivers a total a-c voltage of about 650 yojmmecome 
and will carry about 40 milliamperes. In addition, it has a 5-yqjparge 
and a 6.3-volt filament winding. The problem of obtaining abogi the | 
1,200 volts and 150 volts d-c from this transformer is solved by usiparge 
one-half the secondary to provide the positive power-supply voltag@ml circ 
and the complete secondary, connected to a vo heap-doullinn cirey mn 
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Figure 1.— Wiring diagram for gamma-ray exposure meter. 


M=O to 200 na; L= Yo-watt neon bulbs; G-M-=vapor-filled Geiger-Miller counter, T;=6SL7; T)=VE 
T:=6F8; Ty=5Z4; Ts, Te=6X5; Tr=V R150; TR=Stancor, P-6010; Ci:=100 puf, mica; Cr—250 pal, nin 
Cy= 80 pul, mica; Ci, Cr=8 yl, electrolytic; Cy=4 uf, paper; Ce=0.1 uf, paper C= 1 pf, 2000 volts; C=! 
1,000 volts; Cye= 16 wl, electrolytic; R; = 1 megohm; Rs, Ry=0.1 megohm; Rs= 10,000 ohms; Re, Ry, Ra= 
megohms; Rs, Rs=5 megohms, Rw, Ru=3 megohms; Ry, Ru=2,000 ohms; Ry, Ru, Ru, Ro=® 
ohms; Ris= 50,000 ohms; Ry, Rn =5,000 ohms; Rig= 100,000 ohms; Rie=3,500 ohms. 


as shown, to provide the higher negative voltage. Half-wave rect 
fication is used in both cases. The lower voltage, to supply the pls 
voltages of the amplifying and indicating circuit, is stabilized tr 
VR-150 voltage-regulator tube. The higher voltage, to provide t 
operating potential for the Geiger-Miiller counter, is stabilized by 
series of 1/10-watt neon lamps that has been thoroughly aged } 
operation on alternating current for at least 2 weeks. It has bed 
found that lamps so aged maintain the same constant voltage acre 
their terminals for very long periods of time. A voltage-stabilia 
circuit connected as shown will show fluctuations unreadable on 
1,500-volt electrostatic voltmeter when the sept voltage of t 
transformer is varied from 100 to 130 volts. The actual change m 
be as much as 5 to 10 volts. This is sufficient regulation for a Geice 
Miiller tube with reasonably good plateau, and will preduce a neglig 
ble change in the indication of a good counter. 

When using Geiger-Miiller counters of the vapor-filled type vé 













little amplification and leveling of pulses is required. Therefore, o N 
relatively simple circuit shown is entirely adequate. The first tric act 


section of 7, provides the required amplification of the negative 
from the counter G-M. These pulses are applied to the grid o 
triode through a conventional resistance-capacity coupling. 
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Jses at the plate, now positive, are sufficient to saturate the second 
ode stage, which is operated at zero bias. Therefore, the positive 
ses applied to the grid of this triode result in grid rectifications so 
st the main pulses at the plate of this stage are positive, somewhat 
nadened, and of equal height and width. As the triode side of C; 
~omes positive, the diode side accumulates an excess of positive 
parge Which flows through the diode to ground; thus, after the return 
the plate of the second half of 7; to normal potential, a negative 
barge is left at the diode plate of C;, whichi flows through R, to the 
( arcuit, charging it negatively. R, serves to prevent the pulses from 
passing the diode by way of C; without rectification. Under these 
nditions, an equal charge of negative sign is applied to the condenser, 
, for each pulse. Since condenser C; has a resistor, R,, connected 
ross it, the potential across the condenser will rise to a constant 
slue for a constant rate of pulses from the Geiger-Miiller counter. 
Therefore, to obtain a reading proportional to the rate of pulses at 
he Geiger-Miiller counter, a reliable electronic voltmeter is required 
) measure the voltage across condenser C;. This is provided by the 
in-triode 73, with the two sections connected in a bridge circuit with 
microammeter, M, connected between the plate terminals of the 
yo sections. These triodes are operated at a negative bias provided 
prough high-resistance cathode resistors Rj; and R,, in such a way 
at the readings of the meter are fairly independent of the character- 
tics of the triode sections. A balancing potentiometer, Ry, is pro- 
ided to adjust the circuit for the residual effects of differences between 
he triode sections. This adjustment. is made with the Geiger-Miiller 
unter disconnected. In general, it need only be changed when 
placing a tube. 
To balance out certain parasitic potentials arising from the use of a 
lode to rectify the pulses from the counter, the two grids of the twin 
ode, 7;, are connected in identical circuits, each to one section of the 
rin diode, 7>. In addition, it is desirable to compensate the blank 
meee | rate of larger Geiger-Miiller tubes so that the meter reads 
ro in the absence of a source of radiation. This is done by applying a 
ight positive bias to the grid of the voltmeter tube attached to the 
mdenser, C;, by a bleeder circuit composed of resistors Rj, and Rip. 
his adjustment can be made by proper selection of Rs and Ri 
br a given Geiger-Miiller tube and need be changed only when 
placing this tube. 
The resultant circuit has the following desirable characteristics: 
|. The reading of the meter, M, is quite accurately proportional to 
he rate of pulses from the counter. The calibration of intensity of 
hdiation versus the reading of the meter is a straight line passing 
brough the origin in a correctly adjusted circuit. This is shown in 
¢ 2, which is a typical calibration for one of these circuits. 
2. The reading of the meter is practically independent of the a-c 
upply voltage in the range from 100 to 130 volts. This 30-volt change 
roduces less than a 2 percent change in the reading of the meter. 
3. No component is operated above its normal rating, so that failure 
f vacuum tubes, condensers, and resistors is reduced to a minimum. 
4. All potentials, both positive and negative, are obtained from one 
rnsformer, thus reducing the weight and with no sacrifice in per- 
ormance. 
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Figure 2.—Calibration curve for the gamma-ray exposure meter. 
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Figure 3.— Wiring diagram for circuit for rapidly decaying sources. 


Ti, Tr=6ACT; Ti=6H6; T, T:=6K6, Tr=6X5; Ty, Tr=V R105; Ty=5Z4; Te =2X2, Ci=0.02 pf: Cre 
> Cr=1 pf; Cy=0.5 wf; Cy=1 pf, 1,000 volts; Cu=% 
Ry=60 megohms; 


2,500 volts; Cy=0.1 af; Cy= 50 pal; Cy—4 pf; Co=2 
Cu=8 af; Ca=1 af, gh ery R,=0.1 megohm; 


nme Yay megohm; R;=2 megohms; Ra=6 megohms; Ry=60,000 ohms; Rav= 5.000 obms, Rus Ra 


=50,000 ohms: Rs, 


000 ohms; Rie= 1,000 ohms; Ry=5,000 ohms; Riy=2 megohms; Ri;=—25,000 ohms 
ms. 


Res 100,000 obs 
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Ficure 4. View of panel oJ counting-rate meter for use with Ge ge r-Miiller counte 
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III. ADJUSTMENT OF SENSITIVITY 


ince the first twin triode operates as a unit to provide the required 
ses for rectification, the only circuit change required to alter the 
ing of the meter, M, for a given pulse rate, is that of changing the 
nacitance of C3. Increasing this value for C, will increase the 
untity of charge per pulse applied to C;. This means of adjust- 
t is adequate for such pene as to adjust the meter reading 
that a given intensity will come at an appropriate scale division. 
ree changes in sensitivity are best obtained by changing the size 
the Geiger-Miiller counter tube. The range of intensity that can 
measured with a given counter will usually extend to about 10 
pes the lowest value for which the counter will give a satisfactory 
ding. Above this value the rate of pulses is so high that the ‘‘dead 
ne” destroys the linearity of response. Therefore, the large counters 
ful for the measurement of low intensities fail to operate satis- 
torily when the intensity rises above a certain limit. The remedy 
9 use a smaller counter tube for the higher intensities. The circuit 
scribed here works equally well, with minor modifications, for 
iver-Miiller tube counters ‘ranging in size from 0.5 by 1.0 cm to 
y 30 cm, according to our experience. The calibration curveshown 
figure 2 is for a counter tube 1 by 1 cm as a gamma-ray dosage 
ficator for an 8-hour exposure in terms of roentgens. 


IV. CIRCUIT FOR RAPIDLY DECAYING SOURCES 


n the adaptation of the preceding circuit to the use of Geiger- 
iller counters for rapidly decaying sources and for use with activated 
ls in direct contact with the counter, considerable changes are 
essary. The high-voltage polarity must be reversed and applied 
the central electrode through a resistor, so that the outer electrode 
y be operated at ground potential. To allow flexibility in use and 
bplicity in replacement of faulty or badly contaminated counters, 
3-foot single conductor, low-capacity, shielded cable and one 
phenol cable connector are used to connect the counter to the 
plifier. For simplicity in connecting the counter to the cable, a 
rt section of the high-voltage wire and counter terminal were left 
hielded, with no apparent trouble from pick-up of stray electrical 
turbances. The high-voltage selector, S,, permits counters with 
ley different working voltages to be used with a minimum of 
uble in going from one to the other. A switch and voltage divider 
tem is provided for connecting the voltmeter circuit to the high 
tage for rapid checks. 
ince linear response to counting rates up to 100,000 per minute is 
rable, 6AC7 tubes are substituted as amplifiers, and the time 
stants are kept fairly small. Referring to figure 3, it is to be noted 
t the screen-grid voltages on 7; and 7; are supplied by different 
thods, 7, by a dropping resistor, and 7; by a voltage divider. 
ce more than enough signal is available at the grid of 7; to drive it 
saturation, the grid is biased beyond the cutoff point, which 
ices the tendency to oscillate, and therefore eliminates the neces- 
for decoupling resistors and capacitors in the plate circuit, and 
1oves small pulses and ripples due to leakages and imperfect filtering 
he voltage supplies. 
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In this circuit, the pulse arriving at rectifier 7; is negative; the 
fore, to get rectification the plates are tied together and grounds 
and the signal is applied to the cathode. Since both d-c volty 
supplies are regulated, variations caused by line-voltage fluctuatig 
must be due to changes in heater voltage. In the previous circyj 
these were balanced out by attaching the voltmeter terminals ; 
symmetrical points with reference to the two halves of the 6h 
Here it was found that at normal heater voltage there exists a potenti 
of about 0.8 volt between cathode and plate, which is dependy 
upon the heater voltage.’ If, however, the cathode is made abo; 
l-volt positive with respect to the plate, the line voltage is not likd 
to vary enough to cause this parasitic potential ever to rise beyoy 
this value. Therefore, the voltage across the RC circuit is depa 
ent only on the number of pulses arriving at the rectifier and t 
constants chosen for this circuit. S, is a four-point rotary switd 
which offers sensitivity ranges varying from approximately 3,000 ; 
100,000 pulses per minute for maximum deflection of the meter. 

An added advantage in this circuit is that the resistor Ry» betwe 
the rectifier and RC circuit can be as low as 0.1 megohm and si 
perform quite satisfactorily. In the previous circuit, however, th 
resistor was kept larger to minimize the effect of this parasitic potenti 
on the linearity of the RC circuit. The smaller the total resistan 
from the cathode of the rectifier to ground, the higher the number: 
pulses per unit time to which the tank circuit will respond linearly 
If, however, Ry» is made too low, the net charge delivered to the tan 
circuit per pulse becomes too small to give adequate voltage wil 
reasonable values of R in the RC circuit. 

In instruments where portability and size are important factor 
the twin triode is adequate for the bridge-type vacuum-tube vol 
meter, but a little better performance is obtained if 6K6 tubes are use 
instead. The reversal of the polarity of the high voltage is, howev 
responsible for the greatest change in size and weight. A single pow 
transformer is no longer adequate for the entire voltage supply 
because the ordinary commercial power transformer does not ha 
sufficient insulation between its windings to withstand 1,500 to 1,8 
volts, which is necessary in this circuit. Since a separate transform 
is necessary to heat the cathode of Ty, one was chosen that woul 
give 2.5 volts, so that a 2X2 high-vacuum, high-voltage rectili 
could be used. The panel of a completed instrument is shown! 
figure 4. This model as shown weighs slightly less than 20 pounds. 


3 J. Millman and S. Seely, Electronics, p. 204, ed. 1 (McGraw-Hill Book Co., Inc., New York, N.! 
941). 


Wasuineton, August 7, 1944. 
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EATS OF FORMATION AND COMBUSTION OF 1,3-BUTA- 
DIENE -AND STYRENE ! 


By Edward J. Prosen and Frederick D. Rossini 


ABSTRACT 


Values are given for the heats of formation from the elements, and for the heats 
combustion, of 1,3-butadiene and styrene, in both the liquid and gaseous states, 
25° C. 


CONTENTS 
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I. INTRODUCTION 


The previously published value from this laboratory for the heat 
formation of 1,3-butadiene from its elements [1]? is based on a 
mbination of values of the heat of hydrogenation of 1,3-butadiene 
n-butane [2], the heat of combustion of n-butane [3], the heat of 
rmation of water from its elements [4], and the heat of formation of 
rbon dioxide from its elements [5]. Because a new ‘“‘best’’ value 
r the heat of formation of carbon dioxide '6] and new data on the 
at capacities of n-butane [7] and 1,3-butadiene [8, 25, 26] have be- 
me available, a revised value for the heat of formation of 1,3- 
htadiene can be calculated. From this value, a new value for the 
at of combustion of 1,3-butadiene is obtained. 
The existing values for the heats of combustion and formation of 
rene are based on old measurements of the heat of combustion 
i, 18, 19, 20, 21,22]. New data on the heat of combustion of styrene 
tained in this laboratory [16] yield a more reliable value for its heat 
formation from the elements, as well as for its heat of combustion. 


II. UNIT OF ENERGY, MOLECULAR WEIGHTS, ETC. 


The unit of energy upon which the values presented in this paper 
e based is the international joule determined by standards of resist- 

his investigation was performed at the National Bureau of Standards jointly by the Thermochemical 
oratory and the American Petroleum Institute Research Project 44 on the Collection and Analysis of 


4 on the Properties of Hydrocarbons. 
PFigures in brackets indicate the literature references at the end of this paper. 
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ance (international ohms), electromotive force (international yo 
and time (mean solar seconds) maintained at this Bureau. Cop 
sion to the conventional thermochemical calorie is made by mea, 
the relation [9]: 


4.1833 international joules (NBS)=1 calorie. 


The atomic weights of hydrogen, oxygen, and carbon were ty 
as 1.0080, 16.0000, and 12.010, respectively, from the 1941 tabh 
International Atomic Weights [10]. 

The uncertainties assigned to the various quantities dealt 
were derived, where possible, by a method previously described | 
In other cases, reasonable estimates of the uncertainty were ma 


III. 1,3-BUTADIENE 


The selected value previously used [1] for the heat of hydrogens 
of 1,3-butadiene to n-butane, at 25° C, was obtained from the sele 
value for the heat of hydrogenation at 82° C [2] corrected to they 
atomic weight of carbon and converted to 25° C [1], using an estim 
value for the difference in heat capacities of 1,3-butadiene 
n-butane, with the known heat capacity of hydrogen [23]. ' 
conversion of the heat of hydrogenation from 82° to 25° C} 
previously been taken as 


6 









C,H, (gas, 1,3-butadiene) +2H,(gas) = C,Hyo(gas, n-butane) 
AA 955 16 — AA 208 16 = —0.500+0.100 kcal/mole. 


Fortuitously, the previous estimate is substantially in accord 5 

the new data on the heat capacities of 1,3-butadiene and n-but 
7, 8, 25, 26], which yield nearly the same value for the conver 
ut with a considerably smaller uncertainty: 


AA 955.16 — A 2X98 16= — 0.520 +0.020 kcal/mole. 


Therefore, the new value for the heat of hydrogenation of 1,3-butade 
to n-butane at 25° C is as follows: 


AH 208 16= — 56.560 +0.150 kcal/mole. 





A revised value for the heat of formation of n-butane from 
elements, taking into account the new value for the heat of forma 
of carbon dioxide [6], has been calculated [12]: 





4C(c, graphite) +5H,(gas) =C,H,o(gas, n-butane) 
AP? x06. 16= —29.812+0.179 kcal/mole. 


Combination of eq 1c and 2 yields for the heat of formation of gas 
1,3-butadiene at 25° C: 


4C(c, graphite) +3H,(gas) = C,H, (gas, 1,3-butadiene) 
AF 208 .16= 26.748 + 0.233 kcal/mole. 
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» heat of vaporization of 1,3-butadiene, from the liquid at saturation 
ssure to the gas at zero pressure, at 25° C, is reported [13] as: 


, (liq, 1,3-butadiene, satn. press.)= 
C,H, (gas, 1,3-butadiene, zero press.) (4) 


AAi og p= 5.119 +0.010 kcal/mole. (4a) 


prefore, the heat of formation, from the elements in their standard 
prence states, of 1,3-butadiene in the liquid state at saturation 
sure at 25° C is 


(c, graphite) +3H, (gas)=C,H, (liq, 1,3-butadiene, satn. press.) 
(5) 
AHoog 14= 21.629 + 0.234 kcal/mole. (5a) 
mbination of eq le with the heat of formation of water from its 
ments [4, 24] and with the heat of combustion of n-butane [3, 12] 
ds the following values for the heats of combustion of gaseous 


liquid 1,3-butadiene, with all the reactants and products in 
ir standard reference states unless otherwise indicated: 


, (gas, 1,3-butadiene)+5%4O, (gas)=4CO, (gas)+3H,0 (liq) (6) 
AH 298 16= — 607.907 + 0.225 kcal/mole. (6a) 


, (liq, 1,3-butadiene, satn. press.)+54%O, (gas)=4CO, (gas) 
+3H,;0 (liq) (7) 


AH xx DT 602.788 + 0.226 kcal/mole. (7a) 


IV. STYRENE 
he new calorimetric data on the heat of combustion of styrene 
] yield 
C,H, (liq, styrene)+ 100, (gas)=8CO, (gas)+4H,0 (liq). (8) 
AA? x08 16= — 1050.40 +0.20 kcal/mole. (8a) 
The old data on the heats of combustion of styrene yieid values 
ich differ from the foregoing value by the following amounts, in 
ent: Stohmann, et al. [17], —0.15+0.20; Auwers, et al. [18], 
.05+0.10; Lemoult [19], +1.1+0.6; Moureu and André [20], 
).13+0.20; Landrieu, et al. [21], +0.37+0.20; Luschinsky [22], 
).13+0.10. 
he heat of vaporization of styrene, at 25° C, to the gas at zero 
sure, may be taken as [14, 15]: 
CH; (liq, styrene)=C,H, (gas, styrene) (9) 
A ose 1g = 10.39 +0.10 kcal/mole. (9a) 


ibination of eq 8 and 9 yields for the heat of combustion of 
us styrene 


CsH, (gas, styrene)-+ 100, (gas)=8CO, (gas)+4H,O (liq) (10) 
AA 06 16= — 1060.79 + 0.22 kcal/mole. (10a) 
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(ele new “best’’ value for the heat of formation of carbon dio, 
is [6]: 
C (c, graphite)+O, (gas)=CO, (gas) 
AA? 265 15= —94.0518+0.0108 kcal/mole (ll 
Combination of eq 9, 10, and 11 with the value for the heat of fo 
tion of water [4] yields the following values for the heats of forma 
of styrene in the liquid and gaseous states: 
8C (c, graphite)+4H, (gas)=C,H, (liq, styrene) 
MA? xg. 1 = 24.716 40.221 keal/mole (13 
8C (c, graphite)+4H, (gas)=C,Hs, (gas, styrene) 
AF? og 135= 35.106 +0.243 keal/mole (13 


V. TABULAR SUMMARY 


The foregoing values for the heats of formation and of combus 
of 1,3-butadiene and styrene, in both the liquid and gaseous sta 
are summarized in table 1. Individual values are given to a grey 
significance than is warranted by the absolute uncertainty, in o 
to retain the precision of small differences and to permit recovery 
the original starting value unchanged in proceeding around a cy 
in calculation. 


TABLE 1.—Summary of values for the heats af Sone and combustion of gaw 
and liquid 1, 3-butadiene and styrene, at 25° C. 











Heat of combus- | Heat of forme 

Compond | State tion « at 25° C at 3 

| —AHc” 8.16 SH °mu 

kcal/mole keal/mok 

Res leet fase 607. 907 +). 225 26. 748 = 

R eanvciscoucousbeouseoe  * SSS ; 602. 788 +0. 226 fi 
RE. c.ccredennctisitinancouinin ini nnciteainelitiiteeaen 1060. 79 +0. 22 
RR 1 Po? ee hinds cocktndehsednechlt 1050. 40 +0. 20 
_— -———— ! 








* —AHc°ms.1 represents the heat evolved in the combustion of the given hydrocarbon, in the state 
cated, in gaseous oxygen to form gaseous carbon dioxide and liquid water, at 25° C and constant p 
with all the reactants and products in their appropriate standard reference states, unless otherwise ind 

* AHf°se.16 represents the increment in heat content of the process of forming the given hyd 
in the state indicated, from its elements, at 25° C, with all the reactants and products in their ap 
standard reference states, unless otherwise indicated. 

« At saturation pressure. 
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HEATS OF COMBUSTION OF BENZENE, TOLUENE, ETHYL- 
BENZENE, o-XYLENE, m-XYLENE, p-XYLENE, n-PRO- 
PYLBENZENE, AND STYRENE 


By Edward J. Prosen, Roger Gilmont, and Frederick D. Rossini 


ABSTRACT 


The heats of combustion of benzene, toluene, ethylbenzene, o-xylene, m-xyvlene, 
p-xylene, n-propylbenzene, and styrene were measured with a bomb calorimeter. 
The following values were obtained for the heat of combustion, at 25° C and 
constant pressure, of the liquid hydrocarbon in gaseous oxygen to form gaseous 
carbon dioxide and liquid water, with all the reactants and products in their 
thermodynamic standard reference states, in international kilojoules per mole: 
Benzene, 3267.09 +0.43; toluene, 3909.31 +0.49; ethylbenzene, 4564.09 + 0.72; 
o-xylene, 4552.10 +1.02; m-xylene, 4551.10 +0.62; p-xylene, 4552.09 +0.91; 
n-propylbenzene, 5217.37 +0.68; styrene 4394.14 +0.82. With the factor 
1/4.1833, the corresponding values in kilocalories per mole are benzene, 
780.98 +0.10;toluene, 934.50 +0.12; ethylbenzene, 1091.03 +0.17; o-xylene, 
1088.16 +0.24; m-xylene, 1087.92 +0.15; p-xylene, 1088.16 +0.22; n-pro- 
pylbenzene, 1247.19 +0.16; styrene, 1050.40 + 0.20. 
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I. INTRODUCTION 


This paper describes the calorimetric and chemical apparatus and 
procedure and gives the data obtained in an experimental investi- 
gation on the heats of combustion of benzene, toluene, ethylben- 
zene, 0-xylene, m-xylene, p-xylene, n-propylbenzene, and styrene. 


Il. UNIT OF ENERGY, MOLECULAR WEIGHTS, ETC. 


The unit of energy upon which the og ay values of this 
investigation are based is the internation 


joule determined by the 
65 
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standards of resistance (international ohms), electromotive fore 
(international volts), and time (mean solar seconds) maintained 4 
this Bureau. 

The following relation was used to convert the values to the cop. 
ventional thermochemical calorie [{1]:' 


4.1833 international joules (NBS)=1 calorie. 


The molecular weight of carbon dioxide, the mass of which wa 
used to determine the amount of reaction, was taken as 44. 010, from 
the 1941 table of International Atomic W eights [2]. 

The uncertainties assigned to the various quantitiés dealt with ip 
this paper were derived, where possible, by a method previously 
described [3]. In other cases, reasonable estimates of the uncertainty 
were made. 


III. METHOD AND APPARATUS 


The same method and apparatus were used as in the investigations 
recently reported from this laboratory [4, 5, 6, 7]. The calorimeter 
systems C and D are described in detail in section III-—2 of reference 
4], in sections V and VII-1 of reference [6], and in sections V and 
71-1 of reference [7]. 


IV. CHEMICAL MATERIALS AND PROCEDURE 
1. SOURCE AND PURITY OF THE HYDROCARBONS 


The benzene (series I), toluene (series I), and ethylbenzene (series I), 
were samples prepared by Timmermans [8] and were reported to have 
the following freezing points: Benzene, 5.50° C [8]; toluene —95.02° 
C [9]; ethylbenzene, —95.12° C [10]. From these values, and the 
freezing points for zero impurity [13], the amounts of impurity in the 
dpe samples are estimated to be 0.0006, 0.0005, and 0.004 mole 

raction, respectively. 

The m-xylene (series I) was from a sample fractionated from petro- 
leum by White and Rose [11] and was reported to have a freezing 
point of —48.00° C. With this value and the freezing point for zero 
impurity, the amount of impurity in the m-xylene (series I) is estimated 
to be 0.0035 mole fraction. 

The benzene (series II), toluene (series II), ethylbenzene (series I), 0- 
xylene (series I), m-xylene (series IT), -xylene (series I) and ai 
benxene (series I and II), were purified i in connnection with the work of 
the American Petroleum Institute Research Project 6 at this Bureau. 
The styrene (series 1) was purified by Madorsky and Wood [12] in 
connection with the work of the Rubber Section at this Bureau. 
From time-temperature freezing and melting curves, performed by A 
R. Glasgow, Jr., of the API Research Project 6 at this Bureau, the 
amounts of impurity in these samples are estimated to be as follows, 
in mole fraction, [13]: Benzene, 0.0004; toluene, 0.0004; ethylbenzene 
0.0014; o-xylene, 0.0011; m-xylene, 0.0023 ; p- -xylene, 0.0008; n-propyl- 
benzene, 0.0035; styrene, 0.0002. 

From the foregoing information, it appears that all the samples 
were adequately pure for the measurements of the present investiga- 
tion. 


1 Figures in brackets indicate the literature references at the end of this paper. 
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2. CHEMICAL PROCEDURE 


The method of sealing the samples of hydrocarbons in glass 
ampoules, the ignition of the hydrocarbons in the bomb, the purifica- 
tion of the oxygen used for combustion, the examination of the prod- 
ucts of combustion, and the determination of the amount of reaction 
were the same as previously described [4, 5, 6, 7]. No products of 
incomplete combustion were found in any of: the experiments. 


V. CALORIMETRIC PROCEDURE 


The procedures used in the combustion experiments and the cali- 
bration experiments and the method of determining the ignition 
energy and of correcting for the formation of nitric acid were the same 
as previously described [4, 6, 7]. ’ 


VI. RESULTS OF THE PRESENT INVESTIGATION 
1, ENERGY EQUIVALENT OF THE CALORIMETER 


The calorimeter systems C and D used in the present investigation 
are described in sections V and VIi-1 and table 1 of reference [6] and 
in sections V and VI-1 and table 1 of reference [7]. The electric- 
energy equivalent of system C was [6]. 


Ey (C)=137,717.4+13.9 int. j/ohm, 
and that of system D was [7] 
E, (D)=136,489.6+ 14.5 int. j/ohm. 


2. COMBUSTION EXPERIMENTS 


The results of the combustion experiments on benzene, toluene, 
ethylbenzene, o-xylene, m-xylene, p-xylene, n-propylbenzene, and 
styrene are given in table 1. Thesymbols at the heads of the columns 
are as previously defined [4, 6]. For simplicity in presenting and 
handling the data, all the values of the constant 8 are given in terms 
of calorimeter system C. 


3. VALUES OF THE HEATS OF COMBUSTION 


In table 2 are given the final results for the eight hydrocarbons 
whose heats of combustion were measured in the present investigation. 
The columns in table 2 give the value of the constant B for 28° C, 
in ohms per gram of carbon dioxide, as defined by eq 4 of reference 
[4]; —AUsz, the heat evolved in the bomb process at 28° C, in inter- 
national kilojoules per mole of hydrocarbon; —AU;°, the decrement 
in internal energy for the ideal reaction of combustion at 28° C, 
with all the reactants and products in their thermodynamic standard 
reference states, calculated by the method of Washburn [15], modified 
to apply to 28° C and, for the gases, with reference to the energy 
content at zero pressure; —AHc°, the decrement in heat content (or 
heat evolved in the combustion at constant pressure) for the reaction 
of combustion of the liquid hydrocarbon at 28° C, with all the re- 
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actants and products in their thermodynamic standard reference 
states; and, finally, the same quantity, —AHc°, ry the reaction of 
combustion at 25° C. The foregoing values of —AU,° and —AHc° 
apply to the reaction 


C,H, (liq) + (a+) 0.(9) =a CO,(9)+$ HO (liq). 


The over-all uncertainty assigned to each final value of the heat of 
combustion of a given compound was taken as the square root of the 
sum of the squares of the following: (a) Twice the standard deviation 
of the mean (or weighted mean) of the series of combustion experi- 
ments, (b) an uncertainty of 0.010 percent in the determination of 
the absolute value of the amount of reaction, (c) twice the standard 
deviation of the mean (or weighted mean) of the series of experiments 
for determining the energy equivalent of the calorimeter with electric 
energy or with Fronadveeny Aas. m acid, and (d) an uncertainty of 0.010 
percent in the determination of the absolute value of the energy equiv- 
alent, with electric energy or with standard benzoic acid [14]. 


VII. DISCUSSION 


The values of the heats of combustion of benzene, toluene, ethyl- 
benzene, n-propylbenzene, o-xylene, m-xylene, p-xylene, and styrene 
obtained in this investigation will, in other reports from this laboratory, 
be compared with the existing data, combined with values of the heats 
of formation of water and carbon dioxide to calculate the heats of 
formation of these hydrocarbons, used in the calculation and estima- 
tion of the heats of isomerization and formation of some higher 
alkyl benzenes, and utilized to calculate values for certain important 
specific reactions, such as the dehydrogenation of ethylbenzene to 
styrene. 
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PANEL TESTS FOR THERMAL SPALLING OF FIRE-CLAY 
BRICKS USED AT HIGH TEMPERATURES 


By R. A. Heindl and W. L. Pendergast 


ABSTRACT 


Fifty brands of fire-clay brick, of which 16 were of the super duty, 28 of the 
high heat duty, and 6 of the intermediate heat duty classes, were tested for 
resistance to spalling by the standard method of the American Society for Testing 
Materials. Variations from the standard panel of brick in stretcher construction 
were made by laying brick as headers only, and also in combinations of stretchers 
and headers. The relation of gas pressure in the conditioning, or preheating, 
furnace, within the range 0.2 to 0.6 inch of water, to the spalling of firebrick was 
also investigated. The stability of volume and change in absorption resulting 
from reheating new specimens at 1,600° C for 5 hours under conditions of con- 
trolled gas pressure were determined of all the brands of the super duty class of 
brick as well as of 10 brands of the high heat duty class, the latter being reheated 
at 1,400° C only. The relation between the spalling loss by gravity only and 
after scraping with a trowel was investigated, as was also the relation between the 
spalling loss and the number of joints in the brick panel. 


CONTENTS 


. Introduction 
. Materials 
UL. Appeesin and methods of testing 
ASTM panel furnaces 
2 Types of panel construction____.......__...- ee 

(a) Firebrick in stretcher construction_____ . 

(b) Firebrick in header construction 

(c) Firebrick in combination of header and stretcher construc- 


(d) Construction of panels with firebrick as 4%-inch stretchers 
and as bonded headers : 
. Spalling loss 
. Pressure and atmosphere within the furnace during preheating of 
the brick 
5. Temperature and temperature measurements of brick panels. 
}. Linear change and volume stability 
(a) Furnace pressure 
(b) Furnace temperature 
. Pyrometric cone equivalent 
8. Absorption and bulk density 
IV. Resutte and discussion 
. Tests of the super duty class of fire-clay brick 
(a) Spalli ng 
(1) 


ffect of furnace pressure on ams of firebrick__ 
(2) Uniformity of specimens_- dh deliinleh a: sires ins aea a 
(b) Linear and volume ee 

(ce) Absorption _. ta 

(d) Pyrometric cone equiv el al 

(e) Bulk density 











74 Journal of Research of the National Bureau c{ Standards 


IV. Results and discussion—Continued. Pag 
2. Tests of the high heat duty class of fire-clay brick_______ ee 86 

Oe nin thcmintiiinitinininth mitten tibia meinen —— 

(1) Effect of furnace pressure on spalling of firebrick_____.__ 90 

ia ene Gn nn... cmenistnaaiacmesinns 9] 

(b) Pyrometric cone equivalent__..............-_._.-.---__- 91 


(c) Linear, volume, and absorption changes caused by reheating. 9) 
3. Panel spalling test of the intermediate heat duty class of fire-clay 


EE AEE TNE ES ee ra EGE, Pema 92 

4. Comparison of header and 4%-inch stretcher construction_.__..__ 94 

5. Comparison of bonded header and unbonded header construction. 94 

V. Summary and conclusions - ------ <M ha eh ES ; vy We 


I. INTRODUCTION 


The testing of fire-clay brick for resistance to thermal and structural 
spalling by the panel method was first described in 1926.' Since then 
numerous improvements in both equipment and test procedure have 
led to closer control of furnace temperatures and pressures and made 
it possible to secure satisfactory agreement in results of tests in the 
same laboratory as well as in other laboratories. As more data became 
available additional information was published.?, However, it was not 
until July 1942 that the Refractories Fellowship at Mellon Institute 
issued a publication * which outlined many details essential in con- 
structing and operating the furnaces and test apparatus. 

The panel test for resistance to thermal and structural spalling of 
refractory brick * was adopted by the American Society for Testing 
Materials in 1936. 

Federal Specification HH-—B-671 for Fire-Clay Brick includes 
water-dip quenching test of individual brick to give an index of spall- 
ing resistance, but the manufacturer usually relies on the ASTM panel 
test to give a measure of comparative spalling resistance. Since the 
results obtained by the two methods are not always in agreement, 
this may lead to confusion. Furthermore, the United States Navy 
makes use of apparatus for testing refractory brick, which is funda- 
mentally similar to the ASTM standard. The desirability of having 
but one method of test is evident. The National Bureau of Standards, 
therefore, undertook an investigation of the spalling resistance of fire- 
clay brick by the panel test method for the purpose of accumulating 
data for consideration in connection with the possible substitution of 
the panel test for the water-dip quenching test in the Federal specifi- 
cations. The study was extended to include the effect of furnace 
pressure on resistance of brick to spalling and also the effect of certain 
deviations from the ASTM method with respect to construction of 
the test panels. 

II. MATERIALS 


Fifty brands of fire-clay bricks, of which 16 were of the super 
duty, 28 of the high heat duty, and 6 of the intermediate heat duty 
classes, were sampled, classified, and supplied by 19 manufacturers 


18. M. Phelps, A Study of Tests for Refractories with Special Reference to ~ oe ng Tests, Am. Refrac- 
tories Inst. Tech. Paper No.1. Mellon Institute of Industrial Research, Pittsburgh, Pa. 

2S. M. Phelps, S. M. Swain, and R. F. Ferguson, A service spalling test for refractories, J. Am. Ceram. 
Soc. 14 (5) 389 (1941). ; 

Standard Method of Panel Test for Resistance to Thermal and Structural Spalling of Refractory Brick. 
ASTM Designation: C 38-42, Am. Soc. Testing Materials, Standards, pt. 2, Nonmetallic Materials, p. 2 
(1942); Manual of ASTM Standards on Refractory Materials, p. 23 (1943). 

+A recommended practice for use with the ASTM panel test for resistance to thermal and structurs: 
spalling, Refractories Fellowship, Mellon Institute, Pittsburgh, Pa. (July 1942) mimeographed. 

* See second reference given in footnote 2. 
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representing all important centers of firebrick production. Second 
lots of each of four brands of the super duty class of brick and five of 
the high heat duty were received about 2 years after the first samples, 


III. APPARATUS AND METHODS OF TESTING 
1. ASTM PANEL FURNACES 


The equipment for determining the resistance of firebrick to spall- 
ing has been described in detail elsewhere.’ Briefly, it consists of a 
preheating furnace, two sides of which are movable iron frames, each 
of which will accommodate a panel of 14 test specimens. A second 
furnace forms an integral part of the quenching equipment. A pro- 
portional mixer is used to supply the gas-air mixture for heating the 
furnaces. In the preheating furnace the panels of specimens are 
brought up to either 1,600° or 1,650° C in about 7 hours and main- 
tained there for 24 hours, after which they are allowed to cool with 
the furnace. The cool panel is then moved to a spalling furnace 
maintained at 1,400° C and there undergoes a 12-cyele treatment of 
heating for 10 minutes and then cooling for 10 minutes by a blast of 
air and water mist. 

The apparatus used in this investigation was constructed essentially 
in accordance with drawings furnished by the Refractories Fellowship 
at Mellon Institute. Improvements have been added for auto- 
matically controlling the temperature in the furnaces and for safe- 
guarding the apparatus against damage by possible explosiion in case 
of power failure. The hazard in lighting the preheating furnace with 
a gas pilot light, as suggested in the recommended practice, has been 
eliminated by the use of an electric resistor-coil heater placed close 
to the burner opening. This remains in the furnace until there is no 
liklihood of the flame being extinguished. 

Also the cloth sleeve or flexible joint connecting the horizontal 
and vertical sections of the sheet-iron air ducts of the cooling vents 
were eliminated. The ‘“‘velometer,” a direct reading air-velocity 
meter, was used for determining the velocity of the air at the vents. 
It was found that the volume and distribution of the air as it was 
discharged varied a great deal with change in position of the moving 
vents. This was due to the unfolding and folding or wrinkling of the 
cloth in different positions. The flexible joint was eliminated by 
extending the elbow downward in the horizontal pipe so the air would 
be discharged into an enlarged pipe section formed as the frustum of 
a cone attached to the vertical pipe of the oscillating unit. 

Final measurements with the velometer were made at 110 points 
equally distributed over the outlet of each vent. Adjustments were 
made of the louvers, spray nozzles, and damper until the required 
1,400 ft® of air per minute were delivered as nearly uniformly as 
possible from the vent. The variation in velocity from the average 
was approximately + 5.0 percent. 


2. TYPES OF PANEL CONSTRUCTION 


Since industrial furnace linings are constructed with brick laid 
either or both as headers or stretchers, Heindl and Mong ° investigated 


et 

* See footnote 2. 
; *R. A. Heind! and L. E. Mong, Young’s modulus of elasticity, strength, and extensibility of refractories in 
‘ension, J. Research NBS 17, 463 (1936) RP923. 
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the extensibilities of’specimens of firebrick in two directions and found 
they may be markedly different crosswise and lengthwise of the 
brick. Also, Heindl’ has shown that the extensibility is directly 
related to the resistance of refractory ware to heat shock. Based on 
this information, the test panels in this investigation were constructed 
in the following described varieties. In all types of construction the 
brick were laid so that the faces that would come in contact with 
the flame were flush. 


(a) FIREBRICK IN STRETCHER CONSTRUCTION 


The testing of the brick in the first phase of the investigation pro- 
ceeded with all brick bedded in kaolin as stretchers and as specified 
in the “Standard method of panel test for resistance to thermal and 
structural spalling of refractory brick.” * 


(b) FIREBRICK IN HEADER CONSTRUCTION 


Each brick for the test was cut in half parallel to the 2% by 43-inch 
faces with a cut-off wheel. The halves were laid in the panel so that 
both of the original end faces were exposed as headers to the direct 
furnace heat. Fourteen halves cut from seven brick were used for 
the test and ordinarily two brands made up the panel. In a few 
panels the specimens were alternated instead of segregated. 


(c) FIREBRICK IN COMBINATION OF HEADER AND STRETCHER CONSTRUCTION 


The brick in these tests were laid in the panels so the first and sixth 
courses from the bottom were headers. he panels, each of 1 brand 
only, consisted of 8 brick in the header position and 10 in the stretcher. 


(d) CONSTRUCTION OF PANELS WITH FIREBRICK AS 444-INCH STRETCHERS AND 
AS BONDED HEADERS 


Since the tendency is for the spalling to begin along the edges oi 
the brick, it should follow that either headers or one-half stretcher 
should have greater spalling losses than that of a full-sized stretcher. 
A number of tests were therefore made in which the bricks were cut 
in half parallel to the 2%- by 4%-inch dimension and laid in the pane 
stretcherwise. 

A number of tests were made of panels in which each of the indi 
vidual specimens was made of two-header brick bonded with an air- 
setting refractory mortar. When laid in the panel the face of the 
brick specimen exposed to the flame was 9 inches long, but consisted 
of the finished or original two 2%- by 4'-inch faces of the brick. The 
mortar joint was not disturbed until all regular tests were completed; 
then the joint was broken and the additional data desired were noted. 


3. SPALLING LOSS 


The loss due to spalling of the bricks was determined in accordance 
with the recommended method ° of scraping off the adhering kaolin 
bedding with a mason’s trowel, which caused some of the spalls to drop 
off, but the face of the specimen that had been in contact with the 


’R. A. Heindl, A study of sagger clays and sagger bodies, J. Research NBS 15, 255 (1935). 


§ See second reference given in footnote 2. 
* A recommended practice for use with the ASTM el test for resistance to thermal and structural sp 


ing, 42, Refractories Fellowship, Mellon Institute (July 1942) mimeographed. 
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flame was not scraped. However, since there is a personal factor in- 
volved in that method, the loss which had occurred before scraping 
was also recorded. The results tabulated in succeeding tables are 
the total losses. These represent those obtained by gravity plus 
those that drop off when the kaolin is removed by scraping. 


4. PRESSURE AND ATMOSPHERE WITHIN THE FURNACE DURING 
PREHEATING OF THE BRICK 


The pressure in the furnace was easily regulated at any value within 
the range 0.0 to 0.6 inch of water to 0.05 inch by adjusting the damper 
in the flue. The pressure was indicated by the pointer of a dial-type 
draft gage having a range of 0 to 1 inch and graduated in 0.05 inch. 
To determine if there was any relation between the pressure in the 
furnace during the 24-hour preheating period of the bricks and their 
resistance to spalling, numerous tests were made of bricks, different 
lots of which had been preheated at different furnace pressures. 
Panels of all brands of firebrick were tested after having been pre- 
heated with a pressure in the furnace of 0.4 inch of water and, in 
addition, other panels of some brands were tested also after having 
been preheated with pressures of 0.2 and 0.6 inch of water. 

When a furnace pressure of 0.6 inch of water was used, the excess 
air approached the upper limit of the 10 to 20-percent range and the 
CO, content was about 11 percent. With a furnace pressure of 0.2 
inch the excess air was closer to the lower end of the 10- to 20-percent 
range, which resulted in a CO, content of approximately 12 percent 
These relations were observed when the 600-Btu gas available at the 
National Bureau of Standards was used and the directions given in 
the recommended practice followed.’® 


5. TEMPERATURE AND TEMPERATURE MEASUREMENTS OF 
BRICK PANELS 


Firebrick of the super duty class were preheated at 1,650° C, those 
of the high heat duty class at 1,600° C, and those of the intermediate 
heat duty class at 1,500° C and in some cases at 1,600° C, for 24-hour 
periods. The spalling test was made from 1,400° C for all three 
classes of brick. 

The temperature of the furnace during preheating was measured 
by means of an optical pyrometer sighted on the hot face of the brick 
and at approximately the center of either one of the two panels. A 
recording type of radiation pyrometer sighted on the same spot auto- 
matically maintained the temperature throughout the 24-hour period 
of preheating. A thermocouple was placed against the back face of 
the panel at a point approximately opposite that on the hot face on 
which the optical pyrometer was sighted. 

A special study of temperature distribution was made on one brand 
of firebrick. Three thermocouples were used during each of three 
tests at different furnace pressures. The first of these couples was 
embedded in the brick 1% inches and the second 3 inches from the hot 
face; the third couple was 4% inches from the hot face in contact with 
the back face of the specimen. In figure 1 is shown a portion of the 


TT 

* A recommended practice for use with the ASTM. panel test for resistance to thermal and structural 
spalling, Refractories Fellowship, Mellon Institute, p. 12 (July 1942) mimeographed. The Btu heating 
value of the natural gas at Mellon Institute is about 1,130. 
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time-temperature relation during a 31-hour preheating of a panel of 
brick at a maximum temperature of 1,600° C, with a pressure in the 
furnace chamber equivalent to 0.4 inch of water. The temperature 
of 1,600° C on the furnace wall or test brick panel was reached in 7 
hours. Temperature equilibrium was not indicated by the three 
thermocouples until 7 to 10 hours later. These curves could be con- 
sidered representative for all tests made at this furnace pressure, but 
would be different for the same brand preheated at a higher or at 4 
lower pressure in the furnace chamber. For example, when a gas 
pressure of 0.6 inch was maintained in the furnace chamber, the tem- 
peratures 1% and 3 inches back from the hot face were about 100° ( 
higher than noted when the pressure in the furnace was 0.4 inch. 


Decrees C 
ni 











800 
4 


32 
TIME IN HOURS 


FicurE 1.—Time-temperature relation during the 31-hour preheating period of « 
panel of firebrick at a mazimum temperature of 1,600° C with a gas pressure in 
the furnace chamber of 0.4 inch of water. 


Temperatures were taken at four separate points. 


The heat distribution over the face of the panel was determined 
approximately by placing standard pyrometric cones in recesses pre 
pared in two panels for preheating at 1,600° C. In one panel they 
were in the following positions: lower left, center, and upper right; 
and in the other, upper left, center, and lower right. After having 
been preheated, cone 30 was about three-quarters down in the center 
of either panel. In the lower-left position, which was also nearest the 
burner, cone 29 was down. The lower-right corner was the hottest, 
and cone 30 in this position was flat, but cone 31 was still upright. 
There was very little difference in the condition of the cones in the 
upper-right and upper-left corners; in each instance cone 30 was down. 
It was concluded that the temperature distribution in the furnace 
was reasonably good. 

The thermocouple for measuring the temperature in the spalling 
furnace was about 9% inches from the face of the panel and 12 inches 
from the bottom of the furnace, 9 inches from the inside back wall and 
7 inches from the side. It was located behind the silicon carbide 
checkerbrick. 

The curves in figure 2 indicate the time-millivolt (time-temperature 
relation during the spalling test of one of three panels of firebrick i 
which this falta was determined. Since the data were approx 
mately similar in those three cases, it may be assumed that they are 
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representative of all tests. Four thermocouples were distributed as 
follows: The first in the furnace chamber, as noted in the precedin 

paragraph; the second on the hot face of the panel; and the third an 

fourth embedded in the brick 1% and 3 inches back from the hot face 
respectively. These curves show that the temperatures in the furnace 
and 3% inches from the hot face remained fairly constant except that 
in the latter a gradual drop in temperature of about 100 degrees 
occurred during the test. The couple on the face illustrated that the 
cooling at that point was almost instantaneous with a drop in tem- 
perature of about 1,300 degrees. The heating at this same point was 
almost equally as rapid up to about 1,200° C. The temperature 
indicated by the thermocouple 1% inches from the hot face fluctuated 
about 100 degrees during each heating and cooling cycle. Although 
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it registered approximately 665° C at the beginning of the test, this 
thermocouple indicated a gradually decreasing temperature until a 
the last cycle it registered only about 500° C maximum. 


6. LINEAR CHANGE AND VOLUME STABILITY 


The linear changes of new specimens of firebricks of both the supe 
duty and high heat duty classes due to reheating were determined 
according to the ASTM standard method."' Measurements wer 
made in two ways, namely, with the extensometer equipped with an 
Ames dial graduated in 1/1,000 inch and a hook rule graduated in 
1/64 inch. With the former, four readings were taken and with the 
latter, two, for each specimen. 

The change in volume was determined on the same brick specimens, 
both by measurement with the extensometer and with the volumeter." 
For calculating the bulk volume, in addition to the four measurements 
made by the extensometer along the 9-inch dimension of the brick, 
two each were taken along the 2- and 4%-inch dimensions. 


(a) FURNACE PRESSURE 


To determine the effect of pressure in the furnace chamber on the 
linear and volume changes of firebrick, they were heated at 1,600° C 
with pressures of 0.05, 0.4, and 0.6 inch of water. 


(b) FURNACE TEMPERATURE 


The furnace used for the linear change tests was heated with low- 
pressure gas burners and the temperature automatically controlled in 
the same manner as that used for the preheating and spalling furnaces 
However, it was the practice to heat the furnace overnight to about 
600° C with two gas burners at atmospheric pressure. These wer 
removed before the low-pressure air-gas burners were started. 


7. PYROMETRIC CONE EQUIVALENT 


The pyrometric cone equivalents (pce) of the bricks were deter- 
mined according to the ASTM standard method.” 


8. ABSORPTION AND BULK DENSITY 


The absorptions, both before and after having been reheated at 
1,600° C for 5 hours for the super duty class of bricks and at 1,400°C 
for 10 brands of the high heat duty class, and the bulk densities of the 
former as received were determined according to the ASTM standard 
method," except that tests were made on three full-sized brick spec- 
mens. 

The volumes of the bricks, required for bulk density determinations, 
were obtained with the sand volumeter.” 


1! Permanent linear change after reheating of refractory brick, AS’TM Designation: C 113-36, Manual 
ASTM standards on refractory materials, p. 62 (1943). 

2M. L. Hartman, O. B. Westmount, and S. F. Morgan, The determination of the bulk volumes of refractor) 
materials, J. Am. Ceram. Soc. 9, 298 (1926). : 

13 Pyrometric cone equivalents of refractory materials, ASTM designation: C 24-42, Manual of ASTM 
standards on refractory materials, p. 58 (1943). 

“4 Apparent porosity, water absorption, apparent specific gravity, and bulk density of burned refractory 
wy -y- Cc 05% Manual of ASTM standards on refractory materials, p. 70 (1943). 

15 See footnote 12. 
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Panel Spailing Test of Fire-Clay Brick 


IV. RESULTS AND DISCUSSION 
|. TESTS OF THE SUPER DUTY CLASS OF FIRE-CLAY BRICK 
(a) SPALLING TESTS 


The results of all spalling tests of the super duty fire-clay bricks are 
given in table 1. The dates of receipt of the samples are included to 
identify cases where a second lot was received. 


TABLE 1.—Spalling losses of the super duty class of fire-clay bricks in panel ' tests 





| 
Spalling loss. Bricks preheated at 1,650° C. for 24 hours 





Furnace pressure ? 0.4 | Furnace pressure? 0.4 | Furnace pressure? 0.6 


in. Construction: in. Construction: 


in. Construction— combination— combination— 





tah | 
Stretcher 3 | Header * Stretcher ¢ Header > | Stretcher‘ | Header * 











.| March 1941...... 
_...| December 1940... 
_..| November 1940-. 
--| April 1941 


2S ee 
..| February 1941... 
| November 1940_- 
~~)\ April 1942 
| May 1942. ____- 








{November 1940_. 
~\\ February 1942 

{ December 1940 __| 
----||March 1942_____- 
SD-11......| December 1941 .. . ' 1.6 (2.8) 
8D iieatl d ‘ . 12.5 (4.0) 


8D 


sD 


SD- 


ey 1940... .. . " 10.5 (7.3) 
/\August 1942. ..../............ 

S8D-14.... November 1940_. : 
SD-15......| February 1941... 


SD-16 November 1943__| 




















! Panels consisted of all stretcher courses (column 3), all header courses (column 4), or a combination of 
5 stretcher and 2 header courses (columns 5to 8). In the last-named construction, the header courses were 
numbers 1 and 6, counting from the bottom, except brand § D-9 (second shipment), in which case the header 
courses were numbers 2 and 6. 

? Furnace pressure given in inch of water. The pressure ranges were 0.4 in. +0.05 in. and 0,55in. to0.6in., 
respectively. 

; ‘Avweas of 14 specimens from 1 panel (exception SD-11 stretcher construction, 12 specimens only). 
Standard deviation for the individual brick is given in parentheses following the percentage spalling loss 
The deviations for brands SD-8 and 8D-16 for the combination panels (columns 5 and 6) are: Stretcher 
3.1 and 3.8, header 3.5 and 10.6, respectively. 

‘ Average of 10 specimens. 

' Average of 8 specimens (exception 8D-13, column 6, average 6 specimens). 

* Values given only to illustrate effect on spalling when flame penetrated to back of specimens, and are not 
comparable with the other results. 

’ 2 panels of this brand were tested at the same time. 


The losses sustained in the spalling test when the entire panel of 
14 brick was laid as stretchers, and the pressure in the furnace was 
maintained at 0.4 inch of water, are given in column 3. Figure 3 
shows two views of brand SD-3 representative of this type of con- 
struction. .A shows the brick after completion of the test but before 
removal of the spalled pieces; and B, the same brick after the kaolin 
bedding and adhering spalls had been removed by scraping. The 1.3 
percent loss was low and compared favorably with the loss shown by 
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most of the other brands. Only two brands, SD-13 and SD-15, had 
outstandingly high spalling losses. 

The losses sustained in the spalling test when all the bricks wer 
laid in the panels as headers and the pressure in the furnace was 04 
inch of water are given in column 4. Figure 4, A, shows brands 
SD-1 and SD-3 after having been tested but not scraped to remoy: 
adhering kaolin, and B, the same brick after completion of the scrap. 
ing operation. Brand SD-1 had no loss, and the loss of 0.9 percent 
sustained by SD-3 was very low. Both brands resisted spalling ex. 
ceptionally well regardless of the direction in which the brick had 
been laid. A comparison of the individual results by brands in 
columns 3 and 4 indicates that this was also true for most of the other 
brands. The exceptions were brands SD-9, SD-10, SD-12, and 
SD-14, which had significantly less, and SD-15, which had greater 
resistance to spalling as headers than as stretchers. 

The results of spalling tests for bricks laid in the panels in a combina- 
tion of two header and five stretcher courses are given in the last four 
columns of table 1. The results in columns 3 and 5 for bricks from 
the same shipment, tesied as stretchers in both constructions and 
with a water pressure of 0.4+0.05 inch maintained in the furnace 
during the 24-hour preheating period, agree within 2.5 percent for 
the six brands tested; for different shipments the results agree within 
2.5 percent for three of the four brands tested. The results in columns 
4 and 6 for brick from the same shipment tested as headers in both 
constructions are within 4 percent for five of the six brands tested: 
for different shipments the results agree within 2.5 percent for one 
and 6 percent for two of the four brands tested."° Apparently much 
more variation in results may be expected in tests of bricks in header 
construction. This summary includes the duplicate tests of brand 
SD-16 made in combination construction only. 

Figure 5 shows the two brands that gave the extremes in change 
of volume of the bricks consequent to preheating the panels. The 

hotographs were taken after completion of the spalling test but 
ore. removal of the brick from the panel. Brand SD-8 expanded so 
much that a lip formed on the outer edge of the test brick. Brand 
SD-15 shrank so much that the flame had access to the back of the 

anel, as indicated by a thermocouple temperature of 1,470° C. 
Since the range in the temperature at that location was from about 
1,135° to 1,300° C when other brands were tested, it was apparent 
that the back face of the panel was approximately 200 degrees higher 
than would be considered normal. The temperature of 1,470° C 
on the back face of the brick undoubtedly was partially the cause o/ 
the low resistance to spalling of brand SD-15. When SD-15 and 
SD-5 were laid as headers and staggered in the same panel so that 
SD-15 could not shrink as a unit and the maximum temperature on 
the back face of the brick was 1,255° C, the spalling loss for SD-1), 
header construction, was 0.9 percent compared with 7.0 percent for 
all-stretcher construction. The detrimental effect of high tempera- 
ture on the back face of the brick panel during preheating is als 
illustrated by SD-9, columns 5 and 6. Although the brick specimens 
did not shrink, apparently they had not been locked securely into 
position in the steel framework. During preheating the brick tilted 

1¢ The quality of the second shipment of brand S D-13 was much higher than that of the first, as indicate¢ 


by the test results. Also, a difference in structure of the brick in the two shipments was indicated by the 
spalled surfaces. 
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Ficure 7.—Brand SD-1 after completion of the spalling test and scraping of the 
kaolin from the specimens. 


The numerous visible cracks in the untested specimens apparently did not induce spalling. 
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forward, permitting the flame to heat the rear of the panel so that 
here also a temperature of 1,470° C was indicated. 

Two panels of brick SD-16 were simultaneously preheated and then 
tested for resistance to spalling. Since the results are in good agree- 
ment, reproducible conditions may be assumed for the two panels 
throughout the tests. 

Two general types of spalling encountered in these tests are illus- 
trated in figure 6 for brands SD-7 and SD-13, header construction. 
In the former the tendency was for the spalled pieces to be rather 
small and angular, whereas in the latter they were large and with 
conchoidal fracture. Figure 6, B, shows the panel after the thermal 
shock treatment, and A, the specimens removed from the panel and 
the loose pieces dislodged. The brands having the greater losses 
usually have the conchoidal type of failure. 

The specimens of brand SD-1 were of particular interest in that 
they had numerous small cracks along the edges which had developed 
during manufacture. These cracks, shown in figure 7, became 
accentuated during the ip ae of the test and led to the erroneous 
assumption that the spalling resistance would be low. 

(1) Effect of furnace pressure on spalling of firebrick—The higher 
of the two pressures, namely, 0.4 and 0.6 inch, maintained in the fur- 
nace during the preheating period at 1,650° C. did not affect detri- 
mentally all of the eight brands so tested. For three brands, in which 
all conditions were identical except furnace pressure, the spalling in- 
creased with increase in furnace pressure for two brands and remained 
about unchanged for the third. Figure 8, SD, illustrates that 
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Figure 8.—I ncreased spalling accompanied increased pressure of the atmosphere 
in the furnace chamber. 


SD refers to five brands of super duty brick; HH to seven of high heat brick: and ZH to two of the inter- 
mediate heat brick. Plotted points connected with solid lines represent losses for stretcher construction 
and those with dashes, header construction. Although there were exceptions and all the results are not 


retrial the majority of the brands.were affected detrimentally by increased gas pressure during the pre- 
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relation for those brands and also for three others, stretcher construc. 
tion only, in which the conditions, although not identical, were cop. 
sidered sufficiently similar to permit comparison. Figure 9 shows 
brand SD-3 in the combination stretcher and header type of pane 
construction after the losses due to spalling had been determined, 
Both panels of firebrick had been treated identically, except that 
panel A was subjected to a pressure within the furnace of 0.4 inch 
and peer B to a pressure of 0.6 inch during the preheating period at 
1,650° C. 

(2) Uniformity of specimens.—The standard deviations ” of the 
spalling losses by the individual brick in al! stretcher construction, 
as well as in all header construction for the brands that showed losses, 
reported in table 1, columns 3 and 4, give an indication of the uwni- 
formity of the firebrick in the samples. 


(b) LINEAR AND VOLUME CHANGES 


The linear changes caused by reheating the superduty class of bricks 
at 1,600° C. for 5 hours, during which the pressure in the furnace 
was maintalned at 0.05, 0.4, or 0.6 inch of water, are given in table 2, 
columns 9 to 11, inclusive. 

Although there are a few exceptions, the results indicate that it 
made little difference in the measured linear change whether the 
hook rule or the extensometer was used. This is of interest becaus: 
the hook-rule measurements necessarily were taken around the outer 
edges of the specimens, whereas those taken with the extensometer 
represented points away from the edges. Because the differences in 
results between the two methods were insignificant the results com- 
puted from hook-rule measurements are not reported. 

Eleven of the 16 brands had permanent expansions when reheated. 
All of the expansions were less than 1.25 percent, except for three 
brands, SD-8, SD-10, and SD-12, which were high, being 10.0, 4.5, 
and 5.1 percent, respectively, when the pressure in the furnace was 
0.05 inch of water. 

There was a tendency for the linear change of the firebrick to be 
less with increase in furnace pressure. Such difference was small in 
most instances. 

The volume changes for the reheated bricks given in columns 12, 14, 
and 16 are computed from the extensometer measurements, and those 
in columns 13, 15, and 17 from the sand volumeter determinations. 

The volume changes in brands SD-8, SD-10, and SD-12 empha- 
sized the high linear changes heretofore discussed. The excep- 
tionally large increase in volume of about 30 percent for brand SD-§ 
was the cause of the lip forming around the outer edge of the brick 
panel, as well as a bulging outward of the entire panel. 

Figure 10 shows brands SD-8 and SD-15, representing the extreme 
in permanent expansion (+30.0 percent) and contraction (—6.’ 
percent), respectively. 

Figure 11 shows specimens of brand SD-—5 before and after having 
been reheated at 1,600° C as an example of minimum change in vd- 
ume due to the heat treatment. This figure also shows specimens 0! 
SD-12, the reheated specimen illistrating constriction near the middle 


1? Manual for interpretation of refractory test data, ASTM Standards on Refractory Materials (fe! 
1935). 
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or expansion at the ends of the brick. In a case like this the chang 
of volume determination based on linear measurements is apt to | 
misleading. For SD-5, the brick expanded slightly in the long dime 
sion, but actually the volume decreased slightly. This is caused by 
shrinkage in either or both the 4%- or 2%-inch dimensions. He; 
also the volume change as determined with the volumeter, will g¢ 
a more complete picture of what actually occurred. In gener, 
the volume changes determined by either method were in agreeme1 
except in cases where the specimens had become distorted. 


(c) ABSORPTION 


The water absorptions of the super duty class of firebricks as | 
ceived from the manufacturer ranged from 4.5 to 11.3 percent (tab| 
2, column 5). For all but three brands, reheating at 1,600° C for 5 
hours caused the absorption to decrease. For brands SD-8, SD 
and SD-12, the three that had high increases in permanent volun 
the absorption had increased after the reheating at 1,600° C with t! 
maximum obtained when the furnace pressure was maintained 
0.05 inch of water. For the other brands, change in furnace pressur 
apparently had little effect on the absorption. 


(d) PYROMETRIC CONE EQUIVALENT 


The pyrometric cone equivalents of the super duty class of bri 
as received are given in table 2, column 3. No vi alue of less than 
was obtained and for three brands, SD-1, SD-3, and SD-16, t! 
pee was above 33. 

(ec) BULK DENSITY 


The bulk densities of all brands of the super duty class of bricks 
_ ‘ived are given in table 2, column 4. They range from a low 
27.7 |b/ft? for brand SD-12 to a high of 152.2 Ib/ft® for brand SD 


TESTS OF THE HIGH HEAT DUTY CLASS OF FIRE-CLAY BRICK 
(a) SPALLING 


The results of the spalling tests of firebricks submitted as of hig 
heat quality are presented in table 3. For five brands, samples wer 
received on two different dates as indicated in column 2. The losses 
sustained when the specimens were tested as stretchers are given 
column 4 and as headers in column 5. The pressure maintained 1 
the furnace during preheating of the brick was 0.4 inch of water. 

The loss for the brick in all stretcher construction ae from () 
percent for brand HH-10 to 20.9 percent for brand HH-24, and fo 
those in all header construction from 1.2 perce nt for brands HH-8 a1 
HH-10 to 25.9 percent for brand HH-25. In 16 tests made of 2 
brands the loss sustained was far greater for brick in header thse fs 
stretcher construction. For nine brands the spalling loss in head 
construction was not significantly different from that in stretche! 
construction. Figure 12 shows preheated brands HH-3 and HH § 
for both types of construction. Brand HH-3 showed considera! 
pitting, probably caused by fusion of iron compounds and bloat ng 
of the heated face of the brick. Figure 13 shows the same bricks afte! 
the spalled pieces had been removed, that is, after the test had bee! 
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completed. Brand HH-S8 was one of the group that sustained ap- 
proximately the same percentage loss in header construction as in 
stretcher. Brand HH-3 was one in which the loss was far greater in 
header than in stretcher construction, namely 14.4 and 3.3 percent, 
respectively. 

The 14.4 percent spalling loss of brand HH-3 in header construction 
was not duplicated in the test where the construction was a combina- 
ion (column 9) of brick laid as headers and stretchers. In the first 
est the losses for the individual specimens for some unaccountable 
eason were highly erratic ranging from 1.7 to 29.7 percent. Also, 
he loss of 22.5 percent (column 5) noted for brand HH-5 was not 
juplicated in a later test (column 9). This may be accounted for by 
the fact that, due to shrinkage of the specimens, the flame penetrated 
to the back face of the brick, the thermo-couple at this location 
registering 1,425° C. The ideal condition of having the brick remain 
compact in the panel even though shrinkage of the specimens occurred 
did not often develop. 

Brand HH-21 was of interest in that there was a tendency for this 
brick to shrink in the middle portion and expand or bulge at the kiln 
markings near the ends. The brick tested in stretcher construction 
showed low resistance to spalling, particularly over the kiln-marked 
areas. 

Figure 14 illustrates the two general types of spalling, which oc- 
curred When specimens were laid in the panel as stretchers. For brand 
HH-17 the spalled pieces dropped off during the heating and cooling 
eyeles, Whereas for brand HH-25, the tested brick appeared to be 
intact until the panel was dismantled. 

Brands HH-6 and HH-18 represent the same manufacturer’s 
product, the former differing from the latter only in that it was 
deaired during the pressing operation. The absorption of the de- 
aired brick was 9.4 percent (average of 5 specimens) and that of the 
non-deaired 10.4 percent. In panels of stretcher construction, the 
spalling was about the same (1.9 versus 1.0-percent loss), but in header 
construction they showed some divergence, the deaired brick having 
ost 1.7 percent and the non-deaired 5.2 percent. 

The spalling losses for the bricks laid in the panels in the combina- 
tion of stretchers and headers are given in table 3, columns 6 to 11. 

The highly siliceous type of firebricks are represented in table 3 by 
rands HH-7 and HH-19. These two brands are shown in figure 15 
in stretcher construction after having been preheated. In the panel, 
brand HH-7 showed considerable shrinkage, whereas brand HH-19 
showed considerable expansion. The pyrometric cone equivalent of 
the former was 27 and that of the latter 29-30, which may partially 
account for the different phenomena. Figure 16, A, shows these 
drands in panels of header construction after completion of the tests. 
Brand HH-19 lost 13.3 percent, whereas brand HH-7 lost only 5.3 
percent, which was not expected because of its lower pyrometric cone 
equivalent. Most of the spalled pieces fell off the former during the 
progress of the test, whereas brand HH-7 lost nothing until the speci- 
mens were removed from the panel. 

The results in columns 4 and 8 agree within 3 percent for 10 and 
vetween 3 and 6 percent for the other 3 of 13 tests made of 12 brands 
oi bricks from the same shipmenis tested as stretchers in both con- 
structions, with the pressure maintained in the furnace during the 24- 
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hour preheating period at 0.4+0.05 inch of water. For different ship- 
ments the results agree within 3 percent for the three brands, which 
are comparable. The results in columns 5 and 9 for brick from th 
same shipment tested as headers in both constructions agree within 3 
percent for 8 of 12 brands tested; for different shipments the results 
are within 3 percent in 2 of 3 comparable tests. 

Figure 17 shows the relation between the spalling losses, obtained 
before and after scraping with the mason’s trowel, for the high heat 
duty bricks tested in stretcher construction. A similar relation 
exists for the other classes of bricks, as well as for all three classes jy 
header construction. Hence it would be possible to set specificatio: 
limits on spalling in terms of loss of the unscraped specimens (0 
gravity), which would be as satisfactory as the present liimts in terms 
of loss after scraping, thereby eliminating the personal factor. 

(1) Effect of furnace pressure on spalling of firebrick—Table 3 gives 
results for 10 brands of bricks after having been preheated at tw 
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SPALLING LOSS IN PERCENT, REMOVAL BY GRAVITY 


FicuRE 17.—Relation between spalling losses by gravity only and those by « 
bination of gravity and scraping to remove adhering kaolin bedding. 


I'he plotted points represent results obtained with the high heat duty brands of bricks in pane 
stretcher construction 
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diferent furnace pressures and for five brands after having been 
preheated at three different furnace pressures. Although there are 
exceptions, as for example HH-6 and HH-15, the spalling losses of 
the bricks tended to increase with increase in the pressure main- 
tained in the furnace during preheating. Brand HH-6 (deaired) 
is outstanding in that, irrespective of the furnace pressure, the 
spalling loss in each case was negligible. Figure 16, B, shows brand 
HH-7 after having been preheated at a pressure of 0.6 inch of water 
in the furnace. Apparently the effect produced by the high furnace 
pressure was more than a brick having a pyrometric cone equivalent 
of 27 could withstand. 

The middle graph in figure 8 illustrates the tendency for the 
spalling to increase with the higher furnace pressure during pre- 
heating of seven brands of high heat duty brick, stretcher construction 
only. 

(2) Uniformity of specimens—The standard deviations of the 
spalling losses by the individual brick in all stretcher as well as those 
in all header construction reported in table 3, columns 4 and 5, 
vive an indication of the uniformity of the firebricks in the samples. 


(b) PYROMETRIC CONE EQUIVALENT 


The pyrometric cone equivalents of the high heat duty brands of 
firebrick are given in table 3, column 3. Fourteen of the 28 brands 
failed to comply with the pce requirement of 32 specified for the 
high heat duty class of firebrick in Federal Specification HH-B-671b. 


(c) LINEAR, VOLUME, AND ABSORPTION CHANGES CAUSED BY REHEATING 


In table 4 are given the linear, volume, and absorption changes 
of 10 brands of high heat duty bricks caused by reheating at 1,400° C 
for 5 hours. Neither the linear nor the volume changes were large 
enough to be significant. Three of the brands, namely, HH-7, HH-17, 
and HH-26, were specially selected for testing because they showed 


1. Linear ' and volume ' changes and absorption ' of fire-clay bricks of the 
high heat duty class 


Linear ? Volume 2 A bsorption 
change change 


Brand . After heating 

samples at 

1,400° C for 
5 hours 


Due to heating at As received 
1,400° C for 5 hours 


+2.1 +-3 


Percent Percent Percent Percent 
: 8.3 . 


0.1 ( 
5 1. 
6 2. 


noe tw 


0 


= 


16 
1 


~~ 


0. 


ze of 3 specimens. 
ies indicate shrinkage, however, when preceded by a plus sign indicate expansion. 
Tmined with the sand volumeter. 


s heated with a pressure in the furnace of about 0.4 inch of water; for all others the pressure w 
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decided shrinkages after the 1,600° C preheating in the panel furnace 
[It therefore may be concluded that the specified reheating tem- 
perature of 1,400° C is too low to have any value in predicting linear 
or volume changes of brick suitable for service in high heat duty 
installations. 

The absorption was somewhat affected, as indicated by reductions 
ranging up to 3.1 percent (brand HH-18). 


3. PANEL SPALLING TEST OF THE INTERMEDIATE HEAT DUTYy 
CLASS OF FIRE-CLAY BRICK 


Table 5 gives the results of the spalling tests of the six brands of 
firebrick submitted as of intermediate heat quality. In columns 4 
and 5 are the results of tests of bricks preheated at 1,500° C in panels 
of the combination header and stretcher construction. The spalling 
loss was low in all cases except for brand IH-6. 

The spalling losses of three of these brands preheated at 1,600° ( 
are given in columns 7 and 8. The effect on spalling of the preheating 
at the higher temperature is well illustrated by brand IH—5. Pre- 
heating the specimens at 1,500° C induced no loss in the spalling test 
In contrast, after the preheating at 1,600° C the losses ranged fron 
9.7 to 27.8 percent in a series of five tests covering different combina- 
tions of panel construction and pressure in the furnace. 


TABLE 5.—Spalling losses of intermediate heat duty fire-clay bricks in panel tests a 
the effect on spalling of preheating at 1,500° C versus 1,600° C on some brands 
intermediate and high heat duty bricks 


Spalling loss. Bricks Spalling loss. Bricks pre- 
preheated! at heated at ' 1,600° C for 

Pvyromet- 1,500° C for 24 Tempera- 24 hours 

ric a | _ hours | ture of | Construction: ? Stretchers) Temperatur 
eauie | Construction ?Com-| back face; or headers alone or in | of back face 
- { | bination of brick | combination of brick par 
alent | | 

panel {|__ | 


Brand Received | 


|Stretchers| Headers | Stretchers | Headers 
| 


4 | 5 | 5 8 
} | 


| | Percent Percen Percent 

June 1942 | 0.3 | 1. 

| July 1942 3] 1. 

| Apr. 1941 | 3 x 
/ ae 0. 


t 
1 
5 
s 
0 


34.6 |? 
)}4 27. 7(522 9) 
318. 
2614 
321. 
2698 
B') 
10. 
25. 
319 
3615. 
ed 


71, 180, # 1,2 


Nov. 1940 K 0} .0 | 
| June 1942| 29-30 | 90) 29.2 | 
Nov. 1940 | 
do 

...| May 1942 
HH-21....| Sept. 1940 
HH-25....| Feb. 1042 
HH-2..... Sept. 1940 


27 
420 
2617.5 


am ¢ @ ww % w 
NSP e DWI DONO 
ose Kw wWrmNoOown” 


! Furnace pressure was 0.4 inch of water, except as noted 

? Header courses were numbers | and 6, counting from the bottom. Unless indicated otherwise, t 
of construction was used. 

3 Panels constructed with only the type of construction indicated at column head. These were 
comparison since no panels were constructed of combination stretchers and headers. 2 

4 Panel constructed with 10 brick as headers and 9 as stretchers. Th» headers were staggered as ' , 
2 each in the first, third, and sixth rows from bottom up on the right side of the panel, and the fourt 
seventh rows on the left side. 

5 Duplicate test except panels constructed as described in footnote 2 

* Bricks tested with furnace pressure of 0.2 inch of water 

? Temperature observation on panel having all brick laid as stretchers. 

§ Temperature observation on panel having all brick laid as headers ’ 

* This temperature applies to panel which contained the brick having spalling losses indicates 
parentheses. 
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An interesting example of brick structure is illustrated by brand 
[H-4. It was furnished as intermediate heat quality, but was tested 
for spalling resistance after having been preheated at 1,500° C and 
at 1,600° C. No surface cracks were visible either before or after 
the specimens were preheated (fig. 18, A). An examination of the 
tested brick (fig. 18, B) could easily lead to the conclusion that a 
large portion of the specimens would drop off when scraped with the 
trowel to remove the adhering kaolin. The structure of the brick 
was such, however, that after cleaning, the loss was but 3.1 percent. 

Table 5 also presents results of certain tests of six brands of brick 
submitted as of high heat quality. These had been tested for spalling 
resistance after having been preheated at 1,600° C, but for the follow- 
ing reasons were also tested after having been preheated at 1,500° C. 
Brands HH-9, HH-13, and HH-28 were so tested because the pce 
was below the 32 specified in the Federal Specification for this class of 
brick. Only brand HH-13 showed a significant decrease in spalling 
loss when subjected to the lower preheating temperature. Figure 19 
shows specimens of brand HH-28 after completion of the spalling 
tests; those on the left had been preheated at 1,600° C and those on 
the right at 1,500° C. The structure of this brand of brick apparently 
was such that it could not resist destruction even though the preheating 
temperature was reduced 100 degrees. Brands HH-17, HH-21, and 
HH-25 were tested after having been preheated at 1,500° C because 
of the high spalling losses (header only in case of HH-25) resulting 
when preheated at 1,600° C. Brand HH-17 had no loss when the 
preheating was at 1,500° C, whereas losses of 19.3 to 25.2 percent 
occurred on stretchers and headers, respectively, when the pre- 
heating was at 1,600° C. The other two brands had much smaller 
losses when preheated at the lower temperature. The higher temper- 
ature caused considerable shrinkage of brand HH-17, which in turn 
caused the joints to separate and the flame to penetrate to the back 
face of the brick. The temperature of 1,430° C noted on the back of 
the panel was from 200 to 300 degrees higher than it would have been 
if the brick had not shrunk. A similar condition was noted for 
brand IH—5 in which case a temperature of 1,450° C was recorded 
for the back of the panel. 

' The maximum temperatures obtained on the back of the brick 

panels preheated at 1,500° C for 24 hours are given in table 5, column 6. 

The values range from 1,065° to 1,220° C, and the average is about 
1,130° C. These compare with a range of 1,105° to 1,220° C and an 
average of about 1,175° C (not including the two values above 1,400° 
C) for the back of the panels preheated at 1,600° C for 24 hours. 
An average of only the observations made on panels preheated at a 
furnace pressure of 0.4 inch of water, is about 1,185° C. 
_ The relation of furnace pressure to spalling resistance is illustrated 
in figure 8, JH, for two brands of the intermediate heat duty firebrick, 
based on data obtained on brick preheated at 1,600° C. In general, 
\tmay be concluded from figure 8 that the higher the furnace pressure 
| during preheating the greater the spalling loss. 

The pyrometric cone equivalents for the intermediate heat duty 
bricks are given in table 5. Brand IH-6 failed to meet the pce require- 
ment of 31 specified for this class in the Federal Specifications for 
Fireclay-Brick. 
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4. COMPARISON OF HEADER AND 414-INCH STRETCHER 
CONSTRUCTION 


Table 6 gives results on resistance to spalling in seven tests of four 
brands of high heat duty firebrick when laid as standard 9-inch stretch. 
ers and also as 44-inch stretchers. For comparative purposes, th, 
losses sustained when these bricks were tested as headers are als 
tabulated. There was no significant difference in resistance to spalling 
regardless of the three ways deaired brand HH-6 was laid; the Joss 
was low in all tests. For brand HH-18 (identical with HH-6 but no: 
deaired), the spalling losses for the cut stretcher specimens were greater 
in the three tests made at different furnace pressures than either tly 
full stretcher or header specimens. Although the differences in tes 
results were small when a furnace pressure of 0.2 inch of water was 
used, such was not the case for pressures of 0.4 and 0.6 inch. Th 
44-inch stretcher had by far the greater loss, as is illustrated in figw 
20, (left) by brand HH-18. One-half of the panel consisted of 14 hal. 
stretcher (D and adjacent column) specimens and for comparatiy 
purposes, the other half contained 14 header specimens (A and adja- 
cent column). In the other three tests, two on brand HH-21 and 
one on HH-25, the losses on the 4%-inch stretchers and the header 
were about the same. 


5. COMPARISON OF BONDED HEADER AND UNBONDED HEADER 
CONSTRUCTION 


Table 6 also gives the results of spalling tests of five brands o/ 
firebrick, the panels for which were built from specimens consisting 
of two header bricks bonded with an air-setting refractory mortar 
Figure 20, right, shows a panel built of bricks treated in that manner 


TaBLE 6.—Spalling losses of high heat duty firebricks in panels constructed 
headers with or without mortar, 9-inch or 4\4-inch stretchers? 


| Spalling loss. Bricks preheated at 1,600° C for 24 hours 
Pressure in Panel construction:— 
furnace 
Brand during | 
7 a. | . . 
the pre | inch 44-inch Header ? 


heating | stretcher # | stretcher (no mortar)| 
| 


| Header 
(with 
mortar) 


2 3 


Inches 
of water Percent 
0 . 


a 


it nandnislnnns 


i a 
HH-22.... 
HH-25... 
HH-27.... 


24.0 


~_- ee WAR 


1 An air-setting mortar was used to bond 2 headers into the equivalent of »«, 9-inch standard-size 
and all specimens were laid in the kaolin bed as specified. 

2 These were standard 9-inch straights cut in 2 equal parts parallel to the 2'9- by 44-inch dimension 

* Taken from table 3. Values are for panels of all stretcher or all header construction if available. 

‘ The mortar-bonded specimen was separated at the joint and the spalled sections removed. Values” 
brands HH-2 and HH-27 are the average of 14 specimens; those for HH-5, HH-7, and HH-22 the avers 
of 8 specimens. 
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after completion of the spalling test but before the spalled pieces had 
been removed. This panel contained three brands of bricks, namely, 
HH-5, HH-7, and HH-22. The results in table 6, columns 5 to 7, 
indicate that these brands, as also HH-2, have quite a high resistance 
to spalling when only the specimens bonded with the air-setting 
mortar are considered. When, however, the specimen was sep- 
arated at the bonded joint and again scraped with the trowel to 
remove the adhering kaolin, the results were quite different. For all 
brands the losses agree quite well on the header brick without mortar 
and on those which had been bonded but the bond broken. 

Heind] and Mong *® reported the extensibilities in tension of five 
of the same brands included in this paper, but of an earlier dite of 
manufacture. A comparison of the resistance of brick of any one 
brand in header and stretcher constructions and the extensibilities 
crosswise (header) and lengthwise (stretcher) indicates that there 
was a marked tendency for the spalling loss to increase with a docrease 
in the extensibility of the brick in the direction parallel to the face 
exposed in the panel test and a corresponding tendency for loss for 
headers to be greater than for stretchers when the extensibility 
crosswise was less than lengthwise. 

In general, from the limited number of tests made, it may be con- 
cluded that there was a tendency for the spalling loss to increase as 
the number of joints in the brick panel increased. However, the 
tendency for the loss for headers to be greater than for stretchers 
may have resulted in part from the differences in extensibility in the 
two directions of the brick. 


V. SUMMARY AND CONCLUSIONS 


Sixteen brands of fire-clay brick of the super duty class, 28 of the 
high heat, and 6 of the intermediate heat duty classes supplied by 19 
manufacturers were tested primarily for resistance to spalling by the 
panel test method of the American Society for Testing Meactiale. 
Variations of this method included tests of panels of specimens in all 
header construction and also panels of combinations of stretcher and 
header construction. The gas pressures in the furnace were controlled 
to nominal 0.2, 0.4, and 0.6 inch of water. 

For the super duty bricks, preheated at 1,650° C with the furnace 
gas pressure maintained at 0.4 inch of water, 12 of the 14 brands tested 
in all stretcher construction, and 9 of the 14 tested in all header 
construction had losses of less than 4 percent. 

For the high heat duty bricks, preheated at 1,600° C with the 
furnace pressure maintained at 0.4 inch, 16 of the 26 brands tested in 
all stretcher construction had spalling losses of less than 5 percent, 
but 18 of the 26 tested in all header construction had losses of more 
than 5 percent. 

For the intermediate heat duty bricks preheated at 1,500° C, the 
spalling losses were low for five of the six brands tested. 

Although there were exceptions, spalling losses increased for a 
majority of brands with increase in the gas pressure maintained in the 


furnace during the preheating. 

——— 

: "R. A. Heindl and L. E. Mong, Young’s modulus of elasticity, strength, and extensibility of refractories in 
tension, J. Research NBS 17, 463 (1936) RP923. 

Brands 3, 7, 8, 11, and 16 in the earlier§{publication are the same as high heat duty brands 4, 21, 28, 15, 

and 7, respectively, in this report. 
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In the first of two general types of spalling, large pieces of the 
specimens spalled conchoidally, but remained in position until the 
brick were removed from the panel or scraped with a trowel. In the 
second type the spalled pieces were small and angular and frequently 
dropped spontaneously during the heating and cooling cycles. 

A relation of possible value was noted ‘between the spalling loss of 
the tested specimen as removed from the panel and the total loss 
after scraping with a trowel to remove adhering kaolin. On the basis 
of that relation it would be possible to set specification limits on 
spalling in terms of loss of the unscraped specimen, which would be 
as satisfactory as the present terms of loss by scraping, and the 
personal factor would be largely eliminated. 

For the super duty class of bricks, 11 of the 16 brands tested had 
expanded after having been reheated at 1,600° C for 5 hours, but in 
only three cases were the linear expansions greater than 2.5 percent. 
Results of tests on volume changes were more dependable than those 
on linear changes because of distortions, which may occur in the 
specimens during reheating. In exceptional cases only was there a 
tendency for the firebrick to have decreased linear and volume changes 
with increase in the furnace pressure from 0.05 to 0.6 inch of water 

The absorptions of the super-duty class of fire brick as received 
ranged from 4.5 to 11.3 percent, the bulk densities from 129 to 152.2 
lb/ft*, and the pyrometric cone equivalents were 33 or above. Re- 
heating at 1,600° C for 5 hours caused the absorption to decrease for 
all brands except the three that had great increases in volume. Fur- 
nace pressure had no significant effect on the absorption. 

For the 10 brands of high heat duty brick tested, there was little 
change caused by reheating at 1,400° C for 5 hours in cither volume 
or in absorption. Since three of these brands had marked shrinkage 
in panels preheated at 1,600° C, it may be concluded that the reheating 
at 1,400° C is of little consequence. The absorptions for the specimens 
as reccived ranged from 7.3 to 15.8 percent. 

When specimens of the high-heat duty bricks were tested as 44-inch 
stretchers, the spalling loss tended to be greater than when tested 
either as headers or as 9-inch stretchers. When two headers were 
bonded with an air-setting mortar and tested as a 9-inch specimen, 
the spalling loss approached that of the 9-inch stretcher, but after 
the mortar joint was broken the loss approached that of the header 
It may be concluded from the limited data that although there are 
exceptions, the tendency is for the. test speimens to have greater 
spalling losses as the number of joints in the brick panel are increased. 
However, the tendency for the loss for headers to be greater than for 
stretchers may have resulted from the differences in “extensibility ID 
the two directions of the brick. 

The results of this investigation make it appear desirable that 
consideration be given, in any proposed Federal Specification lor 
fire-clay brick in w hich the panel test is specified, to limits for sp: ulin ig 
loss based on brick laid as stretchers and as headers, a controlled 
atmosphere, and the gas pressure in the furance chamber during 


preheating. 


WasminaTon, September 28, 1944. 
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